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1.0 SUMMARY 


This report describes results of a study by the United Technologies Research Center (UTRC) to 
design a preferred architecture for electro-optical sensing and control in advanced aircraft and space 
systems. The propulsion full authority digital Electronic Engine Control (EEC) was the focus for the 
study. Consideration of this system provided a concrete example for evaluation of a variety of sensors 
and multiplexing techniques. Unlike earlier studies, the emphasis of this program was on the EEC 
interface design rather than on the transducer technology itself. UTRC evaluated a variety of 
electro-optic architectures and completed a conceptual design of an all-optic aircraft propulsion 
control system by: establishing criteria for the comparative evaluation of various optic architectures; 
identifying and characterizing candidate optic systems; then selecting an overall architecture for 
optical sensing and control. 

The subject of the study was the sensor complement for the EEC on an advanced technology 
military turbine engine with variable turbine geometry, variable nozzle geometry, and a 2-D thrust 
vectoring nozzle. The program considered the variety of multiplexing techniques which can be 
employed to interconnect a number of sensors on a single optical fiber. These were compared on the 
basis of criteri a relevant to EEC design. Based on tabulation of these criteria, a preferred architecture 
was selected. The goal was to select the best minimal set of interface types, the assignment of sensors 
to interfaces, and to determine the hierarchy of coding or multiplexing methods. 

The recommended architecture is an on-engine EEC which contains electro-optic interface 
circuits for fiber-optic sensors on the engine. Size and weight are reduced by multiplexing arrays of 
functionally similar sensors on a pairs of optical fibers to common electro-optical interfaces. The 
architecture contains common, multiplex interfaces to seven sensor groups: (1) self luminous sensors; 
(2) high temperatures; (3) low temperatures; (4) speeds and flows; (5) vibration; (6) pressures; and (7) 
mechani cal positions. Nine distinct fiber-optic sensor types were found to provide these sensing 
functions: (1) CW intensity modulators; (2) TDM digital optic codeplates; (3) TDM analog 
self-referenced sensors; (4) WDM digital optic code plates; (5) WDM analog self-referenced intensity 
modulators; (6) analog optical spectral shifters; (7) self-luminous bodies; (8) coherent optical 
interferometers; and (9) remote electrical sensors. 

The report includes the results a trade study including engine sensor requirements, environment, 
the basic sensor types and relevant evaluation criteria. These figures of merit for the candidate 
interface types were calculated from the data supplied by leading m a n u f acturers of fiber-optic 
sensors. 

In most areas little or no significant difference could be discerned between the candidate sensing 
methods. The areas in which there is some discrimination are the types of sensors which can be 
accommodated, the effectiveness of drift compensation, the numbers of sources and detectors 
required, the optical power margin, the number of multiplex channels, and reliability. However in 
most of these areas the differences between designs is not great These results indicate that a flight 
demonstration/validation is needed to determine preferred optical modulation methods for an 
electro-optic architecture. Such a program would provide more realistic on-engine performance data 
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and may reveal discriminators to guide the selection of a preferred architecture. Section S of this report 
describes a configuration of the electro-optic sensor interfaces that is suited to a flight test program. 
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2.0 INTRODUCTION 


Optica] fibers have been proposed for signal paths in aerospace propulsion and flight controls as 
a m ea n s to achieve electromagnetic immunity, to reduce control system weight, and to provide 
advanced sensing functions not available in electronic systems. Optical fiber data busses and a broad 
array of sensors have been developed for this application (refs. 1-8). The use of fiber-optic technology 
in these applications is motivated by the weight of large cable harnesses and by problems with signal 
transmission through electrical cables, poor contacts at connectors, electrical shorts, lightning, and the 
need for improved sensors for advanced control and condition monitoring. In view of these potential 
benefits to aerospace systems the subject study was required to determine the preferred architecture 
for the application of optics to aircraft. The propulsion system full authority digital electronic engine 
control was the focus for the study. The engine control includes a variety of sensors that provide a 
concrete vehicle for evaluation of a variety of sensors and multiplexing techniques. 


Starting points for the study were the conceptual designs and fiber-optic sensors for the engine 
control system identified in the previous FOCSI and FACTS engine study programs (refs. 6-8). This 
program considered the variety of techniques which can be employed to interface to a number of 
sensors on an optical fiber. The goal was to select the best m i n i m al set of interface types, the preferred 
assignment of sensors to interfaces, and to determine the hierarchy of coding or multiplexing methods. 
The fiber-optic sensor and multiplexing technologies were compared on the basis of criteria set by the 
j.ngini* manufacturer. Based on tabulation of these criteria, a preferred architecture is suggested to 
optimize these criteria. 


A six-member team was assembled to include first-hand expertise in a variety of optical sensor 
and networking technologies including wavelength division multiplexing, tune division multiplexing, 
fiber-optic couplers, linear optic data bus, integrated optics, and coherent sensors as well as 
knowledge of advanced engine control and diagnostic systems. Ibis team included the propulsion and 
research divisions of United Technologies Corporation: Pratt & Whitney, Hamilton Standard, and the 
Research Center; along with leading vendors of fiber-optic sensors, namely Tfeledyne Ryan 
Electronics, Litton Polyscientific, and Eldec. The work drew heavily from fiber-optic technology 
assessments and conceptual designs done by the individual team members in previous Government 
and internal studies. Among these were FOCSI, Helicopter Subsystems, Advanced ADOCS, and 
commercial engine control programs as well as the experiences oflkledyne Ryan, Litton Polyscientific, 
and Eldec in production of fiber-optic sensors and networks. 


Each team member contributed unique knowledge and experience to the effort UTRC managed 
the program, assembled the trade study, tabulated the trade factors and issued the final report UTRC 
«kn provided experience with advanced optical sensor and processor technologies, especially 
coherent systems, integrated optics, and environmental effects on electro-optic components. Pratt & 
Whitney contributed specifications and requirements for next generation aircraft engine controls. 
The three fiber-optic sensor manufacturers contributed data on the size, weight, producibility, and 
relative cost factors for the specified sensors. 
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2.1 Engino Sonaor Requirements 


This section presents the requirements for the electro-optic architecture. The types and 
numbers of sensors on the engine are specified and criteria for comparison of the various electro-optic 
architectures are defined. 

The subject of this study was the sensor complement for the EEC on an advanced technology 
military turbine engine with variable turbine geometry, variable nozzle geometry, and a 2-D thrust 
vectoring nozzle. For this program an effort was made to identify common sensor ranges and 
accuracies for a composite of advanced engine designs. Shown in Thble 21-1 are generic sensor 
requirements derived in this manner. The system includes a total of 44 sensors for the following 
measurements: 19 linear positions, 1 rotary position, 7 temperatures, 6 fuel flows, 3 gas pressures, 1 
hydraulic pressure, 1 fuel pressure, 2 rotary speeds, 1 flame light off detector, 1 vibration, and 2 fluid 
level. 


The accuracies shown in the table are for the complete sensor including the interface electronics. 
Hie operating temperatures for the sensors are generally higher than those considered in previous 
studies: -54 to 230 C ambient air temperature, with transients to 300 C. The high temperature 
represents operation during a supersonic dash. The duration at this temperature extreme will get 
longer for supersonic cruise. The temperatures at specific sensor locations are shown in the table. The 
sensor interface electronics, including the optical sources, detectors, and filters must operate on a heat 
sink temperature ranging from -54 to 125 C. The ambient temperatures specified for the optical 
sensors are representative of current aircraft This leaves just two temperature ranges for sensors on 
the engine: -54 to + 200 C for the inlet fan and compressor regions; and -54 to +350 C for the burner, 
turbine, augmenter, and exhaust nozzle. For a more extensive discussion of sensor requirements the 
reader is referred to the FOCSI and FACTS reports (refs. 6-8). 

TWo sets of criteria will be considered for evaluation of electro-optic architectures: (1) sensor 
interface design features and (2) system impacts. The sensor design criteria are listed in Thble 21-2 
These features are meant to indicate the scalability, and operating margin of the candidate 
approaches. In addition to these circuit-level criteria, the candidates will be judged on the system 
impacts in Thble 21-3. These represent the most important system qualities identified in previous 
EEC technology development programs. In selecting the preferred system, both system level criteria 1 
and circuit level criteria were considered. 
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f TABLE 2.1-1 - EEC SENSOR SET (SINGLE CHANNEL, NO REDUNDANCY) 

m 

Number of 


Update 




| Sensors 

Measurement 

Time Accuracy 

Range 

Ambient 

1 

4 

Linear position 

\ 5 ms 

± 0.36 cm 

0 to 36 cm 

-54 to 200 C 

1 2 

Linear position 

10 ms 

± 026 cm 

0to26cm 

-54 to 200 C 

1 4 

Linear position 

5 ms 

± 0.18 cm 

0 to 18 cm 

-54 to 200 C 

2 

Linear position 

10 ms 

± 0.09 cm 

0 to 9 cm 

-54 to 200 C 

1 5 

linear position 

5 ms 

.±.0.05 cm 

0to5 cm 

-54 to 200 C 

2 

Linear position 

10 ms 

.±.0.05 cm 

0 to 5 cm 

-54 to 200 C 

L 

Rotary position 

10 ms 

± 0.2 deg 

0 to 130 deg 

-54 to 200 C 

f i 

Gas temperature 

120ms 

±2C 

-54 to 260 C 

-54 to 200 C 

l 4 

Gas temperature 

20 ms 

±_11C 

Oto 1500 C 

Oto 350 C 

1 i 

Fuel temperature 

120 ms 

±3C 

-54 to 180 C 

-54 to 200 C 

r l 

Turbine blade 






temperature 

20 ms 

±10C 

500 to 1500 C 

-54 to 350 C 

f i 

Light off detector 

20 ms 

±5% 

< 290 nm 

-54 to 350 C 

1 




(optical wavelength) 


r 

Fuel flow 

10 ms 

± 100 kg/hr 

200 to 6000 kg/hr. 

-54 to 200 C 

3 

Fuel flow 

40 ms 

± 100 kg/hr 5000 to 16000 kg/hr. 

-54 to 200 C 

I 




(1 inch diameter) 


r i 

Gas pressure 

10 ms 

±.4.0 kPa 

7to830kPa 

-54 to 350 C 

1. i 

Gas pressure 

120 ms 

±_ 1.0 kPa 

7 to 280 kPa 

-54 to 200 C 

i 

Gas pressure 

10 ms 

±.40 kPa 

35 to 5000 kPa 

-54 to 350 C 

[ i 

Hydraulic pressure 

40 ms 

±40 kPa 

500 to 8000 kPa 

-54 to 200 C 

i i 

Fuel pressure 

120 ms 

±40 kPa 

0 to 690 kPa 

-54 to 200 C 

f 

Rotary speed 

10 ms 

± 7 rpm 

650 to 16000 rpm 

-54 to 200 C 

i 

r 

Rotary speed 

10 ms 

± 7 rpm 

1600 to 19000 rpm 

-54 to 200 C 

1 

i 

Vibration 

120 ms 

±2^g 

0to50g 

-54 to 350 C 

! ' 




(10 Hz to 1 kHz) 


f 

t ! 

i 

Fluid Level 

120 ms 

±2% 

5 


-54 to 200 C 



TABLE 2.1-2 - CIRCUIT FEATURES . 

L Optical power margin (dB) 

2. Signal processing time (microseconds) 

3. Complexity (number of circuit elements) 

4. Number of channels 

5. Number of distinct sources 

6. Number of detectors 

7. Number of fibers 

8. Types of sensors 

9. Signal compensation or calibration 

10. Redundancy 


TABLE 2.1-3 - SYSTEM FEATURES 
L Weight (lbs) 

2. Reliability (failures per million hours) 

3. Maintainability 

4. I/O circuit area (square inches) 

3. I/O pincount 

6. EMI immunity (dB attenuation) 

7. Power consumption (Witts) 

8. Availability or development schedule (months or years) 


For comparison each candidate was assigned a quantitative measure for each criterion (such as 
size in square inches, power in watts, complexity in number of components and software operations, 
power margin in dB, or reliability in failures per million hours) based on the state of the art forecast for 
the late 1990’s. The preferred methods of optical modulation will be those having the best overall 
measures. 


2.2 Thn Prnannt Electronic Sensor Architecture 

A prerequisite to the comparative study of novel electro-optic architectures is an understanding 
of the existing electronic sensor interfaces. The present electronic architecture has evolved to 
economically and reliably meet the control requirements. Therefore it serves to illustrate key aspects 
of the problem. A key feature of this architecture is that signals of a common type are multiplexed 
through a single digital interface. The engine parameter interfaces are comprised of three main 
groups: frequency type signals, analog signals, and LVDT/resolver signals. Each of these groups is 
interfaced to the EEC processor through a common decoder and digitizer block as shown in figure 
7 2-1 This electronic architecture provides a guide to developing an electro-optic architecture. 
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Figure 2.2-1. -EEC electronic sensor input interfscss. 
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Hie electronic architecture allows for a variety of sensor output types, and for different 
applications, a particular quantity may be sensed in different ways. For example, some flows and 
temperatures are sensed as frequencies while others are sensed as analog levels. Likewise, it is 
reasonable to expect some variety of interface types in the electro-optic sensor architecture. 

The control processor in the electro-optical control system will continue to be a central digital 
electronic computer so the electro-optic interfaces must convert the sensor signals from the optic 
domain to digital values on the processor bus, just as is done by the present electronic system. The 
electronic architecture features multiplexing techniques to achieve system economy in electronic 
circuit size and power consumption. A part of the electro-optic design is to develop techniques which 
move the multiplex function out of the electronic enclosure, off of the electronic circuit boards and out 
into the fiber- optic network. The motivations for this change in the architecture are (1) reduction in 
I/O pincount on the electronic enclosure and (2) lack of suitable optical switches to replace the analog 
electronic multiplexers. The EEC then contains a multiplex decoder/electro-optic demultiplexer in 
place of the analog electronic multiplexers to convert the optical multiplex format into a low speed 
serial electronic sequence. 

2.3 Strawman Flbar-Optic System Designs 

Strawman electro-optic architectures for the EEC sensors and actuators were defined according 
to the guidelines in Appendix A. These were based mi: pulse time delay multiplexing, wavelength 
coding or multiplexing, local electrical power, normalized analog ratiometric transduction, and 
coherent optical techniques. UTRC provided designs for coherent systems, and optic switches. 
Tkledyne Ryan Electronics designed a time delay multiplex system. Litton Foiyscientific designed a 
wavelength division multiplex system. Eldec contributed designs for analog sensors and remote 
electric power. 

Tkledyne Ryan Electronics report no. TRE/SD29065-21 entitled "Time Division Multiplexed 
NASA Electro-Optic System Architecture for Advanced Aircraft Engines” is attached as Appendix 
B. The report describes an electro-optical architecture that may be used to service all engine sensors 
using optical time division multiplexing (TDM). The sensors are separated into six sub groups 
accor ding to sensing concept. Each of the six subgroups has separate transmitters, receivers, and a 
d ata pre-processor to present data to the controller in a common parallel digital format. Position 
sensing and fluid level measurements (21 measurements in all) are performed with digital optical code 
plates on a common electro-optical interface. Pressure and fluid flow measurements use microbend 
sensors on a common analog interface. Tirbine blade temperature, light-off, vibration, and engine 
speeds each require a separate interface. 

Eldec report no. 011-0880-701 entitled "Electro-Optic Architecture Study for Advanced 
Aircraft Sensing Systems” is presented in Appendix C. The report describes two architectures: one 
based on electrically active sensors with fiber optic signal communication; the other based on passive 
fiber-optic sensors using time domain intensity normalization (TDEN). The electrically active 
approach is comprised of conventional sensors with local electrical power (such as a battery or a 
photoceh) and electronic circuitry. The sensor circuits transmit digitally coded parameter values from 
the sensors to the EE C through optical fibers. There are no electrical attachments to the sensors. 
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The TDIN architecture described by ELDEC uses a pulse TDM method to analyze the intensity 
of the light returned from a sensor to determine the measurand. Therefore, all sensors in the 
architecture are intensity modulated types. In operation, a pulse is sent to each sensor where it is 
separated into two legs, a sensor leg and a reference leg. A delay line is included in one of the legs. The 
pulses are reflected and recombined on the return link to the EEC interface where the ratio of the 
pulse amplitudes provides a normalized measure of the intensity modulation in the sensor. The TDIN 
te ch nique compensates for variations in link transmission and provides a common interface technique 
for all intensity type sensors. TDIN is best suited to the moderate accuracy, static measurands: 
position, temperature, and pressure given the availability of suitably designed optical intensity 
modulators. 

A Litton Polyscientific report titled “Fiber Optic Wavelength Division Multiplexing Sensor 
Techniques in Aircraft Engine Control Systems” is attached as Appendix D. The report describes the 
design of sensors for position, speed, pressure, and temperature. The position sensors are based on 
wavelength multiplexing the tracks of a digital transmissive optical code plate onto a single optical 
fiber. The speed sensor is based on sensing the frequency of reflections from a pattern on the rotating 
part The pressure and temperature sensors are based on analog wavelength coding scheme. The 
excitation to the sensors is comprised of banks of light emitting diodes combined to form optically 
broadband sources. The receiver proposed for the wavelength sensors is a CCD detector on a fiber, 
lens, and grating assembly. 


These reports form the basis for the system analysis presented in the following sections of this 
report. 

2.4 The Electro-Optic Architecture (EOA) for Propulsion Control 

The propulsion EOA sensor network is illustrated in figure 2.4-1. The recommended 
architecture is an on-engine EEC which contains electro-optic interface circuits for fiber-optic 
sensors on the engine. The purpose of this design is to reduce the sue and weight attributed to inputs 
and outputs by multiplexing arrays of functionally similar sensors on a single pair of optical fibers 
through common electro-optical interfaces. 

Sensors interface to the engine control computer through electro-optic circuit boards contained 
in the EEC enclosure. These circuits feature passive optical multiplex of groups of sensors through a 
rfMnmnn electro-optic interface. The internal architecture proposed for the EEC is illustrated in 
figure 2.4-2 where the sensor and actuator interface boards are shown connected to the control 
processor bus. Each interface is standardized to multiplex a set number of measurements of a given 
parameter through a single circuit card in a modular mechanical design. Each multiplexed sensor 
interface would include a CPU bus interface, sensor decoder, electro-optic interface (LED. or 
photodiodes) and power conditioning. Tb meet the stringent size constraints in the boxes the 
electro-optic interfaces themselves would be fabricated in pigtafled fiber-optic hybrid packages. 

Each optic sensor interface type is suited to a subset of the EEC sensor complement. The sensor 
circuits are comprised of the seven standard EO interface types shown in Tkble 2.4-1. 
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Figure 2.4-2. — The EEC EOA Includes multiplex fiber-optic sensor Interfaces to 8 
sensor groups. 






































































TABLE 2.4-1 - EOA SENSOR GROUPS 


Number of 


Update 



Sensor 

Sensors 

Measurement 

lime 

Accuracy 

Range 

Ambient 

Self luminous sensor interface: (2 parameters) 





TUrbine blade temp 

20 ms 

±10C 

500 to 1500 C 

-54 to 350 C 

J 1 

Light off detector 

20 ms 

JL 5 % 

< 290 nm 

-54 to 350 C 

High temperature sensor interface: (4 parameters) 



>/4 

Gas temperature 

20 ms 

±11C 

Oto 1500C 

Oto 350 C 

Low'temperature sensor interface: (2 parameters) 



v/l 

Oas temperature 

120 ms 

±2C 

-54 to 260 C 

-54 to 200 C 

1 

Fuel temperature 

120 ms 

±3C 

-54 to 180 C 

-54 to 200 C 

Speed and flow sensor interface: (8 parameters) 





Rotary speed 

10 ms 

± 7 rpm 

650 to 16000 rpm 

-54 to 200 C 

J\ 

Rotary speed 

10 ms 

± 7 rpm 

1600 to 19000 rpm 

-54 to 200 C 

^3 

Fuel flow 

10 ms 

± 100 kg/hr 

200 to 6000 kg/hr. 

-54 to 200 C 

3 

Fuel flow 

40 ms 

± 100 kg/hr 5000 to 16000 kg/hr 

-54 to 200 C 

Vibration sensor interface: (1 parameter) 




1 

Vibration 

120 ms 

±.2.5 g 

0to50g 

-54 to 350 C 





(10 Hz to 1 kHz) 


Pressure sensor interface: (5 parameters) 




1 

Gas pressure 

10 ms 

± 4.0 kPa 

7 to 830 kPa 

-54 to 350 C 

1 

Gas pressure 

120 ms 

± 1.0 kPa 

7 to 280 kPa 

-54 to 200 C 

1 

Gas pressure 

10 ms 

± 40 kPa 

35 to 5000 kPa 

-54 to 350 C 

1 

Hydraulic pressuure 

40 ms 

±40kPa 

500 to 8000 kPa 

-54 to 200 C 

1 

Fuel pressure 

120 ms 

± 40 kPa 

0to690kPa 

-54 to 200 C 

Five Position sensor interfaces: (22 parameters total) 



v 4 

Linear position 

5 ms 

±.036 cm 

Oto 36 cm 

-54 to 200 C 


Linear position 

5 ms 

± 0.18 cm 

0 to 18 cm 

-54 to 200 C 

2 

Linear position 

10 ms 

JL 0.26 cm 

Oto 26 cm 

-54 to 200 C 

2 

Linear position 

10 ms 

±0.09 cm 

0to9cm 

-54 to 200 C 

5 

Linear position 

5 ms 

± 0.05 cm 

Oto 5 cm 

-54 to 200 C 

|2 

Linear position 

10 ms 

±0.05 cm 

Oto 5 cm 

-54 to 200 C 

Jl 

Rotary position 

10 ms 

± 0.2 deg 

0 to 130 deg 

-55 to 200 C 

2 

Fluid level 

120 ms 

±2% 


-54 to 200 C 


The turbine blade temperature sensor and the flame light-off detector (LOD) both require an 
interface to self luminous fiber-optic sensors. The LOD self luminous sensor interface requires a 


detector with 170 nm to 290 run passband multiplexed to an A/D converter. The turbine blade 
pyrometer requires a near infra-red dual-wavelength detector multiplexed to an A/D converter. 

The 4 high temperatures can also be measured using a blackbody spectral analyzer similar to that 
used for the turbine blade temperature. The alternative for these gas temperatures is a variable 
spectral transmittance sensor on a wavelength measurement interface, a time domain intensity analog 
interface, or a two-wavelength analog interface. 

The two low temperatures also can be measured by a wavelength measurement interface, a time 
domain intensity analog interface, or a two-wavelength analog interface. These could be handled by a 
common circuit. 

The flows, speeds, and vibration measurements can be done by any of the analog interface types. 
A logical grouping would have the flows and speeds together on a common interface and the vibration 
measurement processed independently. 

The five pressures can be measured through any of the analog interface types. It is recommended 
that these be multiplexed through a common interface. 

The rotary position, u;;ear positions, and fluid level can be measured by any of the digital or 
normalized analog techniques. It is recommended that these be grouped together in sets of four 
measurements through a common multiplex interface. 
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3.0 ANALYSIS OF ELECTRO-OPTIC ARCHITECTURES 

Previous optic flight control studies identified a great number of optic sensors currently available 
or in development for application to aircraft propulsion control (refs. 1-8). These sensors use a variety 
of mechanisms to measure the temperatures, pressures, speeds, flows, and positions required for 
control and condition monitoring. One problem addressed in the study is to determine the best way to 
combine these various mechanisms into a network. The focus of the study then is on the selection of 
multiplexing and networking technology for the sensor interfaces. 

3.1 Sensor Categorization 

Nine distinct fiber-optic sensor types were identified in the strawman electro-optic 
architectures presented in the appendices. These are: (1) baseband continuous wave intensity 
modulators, (2) time division multiplex (TDM) digital optical codeplates, (3) analog TDM 
self-referenced intensity modulators, (4) wavelength division multiplex (WDM) digital optical 
codeplates. (5) analog WDM self-referenced intensity modulators (6) analog wavelength measure- 
ment, (7) self-luminous sensors, (8) coherent optical frequency modulated continuous wave(FMCW), 
and (9) remote electrically powered sensors. This classification provides a useful guide for discussion 
of the various sensor types according to categories. These categories are discussed in the following 
sections. 


3.2 Electro-Optic Architecture (EOA) Designs 

Following are brief descriptions of the operation of each of these electro-optic interfaces. More 
detailed discussion of the designs and the associated fiber-optic sensors are presented in the 
references and Appendices B-D. 

In each electro-optic interface design, the optical signals are detected and digitized with a 
minimum of signal processing in the interface. All normalization and calibration functions are 
performed on the digitized optical signal values in the microprocessor. This separation of functions is 
motivated by the requirement to minimize the size and part count in the electro-optic interface. 

In the following discussion all values apply to the optical interface, therefore power levels refer to 
optical power and decibel units refer to optical power ratios. These are meant to apply to LED type 
multimode systems in which a relatively broadband optical spectrum is modulated by a passive sensor 
or sensors. 

For meanin gful specification of optical power levels a standard waveguide aperture must be 
specified. The selection of a standard waveguide dimension involves consideration of losses, fiber 
nvyhaniral properties, coupling efficiency, and dispersion. Consideration of efficient source power 
coupling and low loss connections favors large core fibers; while cost and strength favor small diameter 
fibers. For control applications the dispersion is not a significant problem because distances are 
relatively short The 100 micron, step index waveguide currently used by many sensor manufacturers is 
a practical compromise and is consistent with the source power levels specified in this program. Fiber 
specifications are thus: 
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PRECEDING P^Gt BjLAStK NOT FILMED 


Core Diameter 
Numerical Aperture: 
Index Profile: 


100 microns 
0.22 

step index 


In general there is no need to match cladding diameter across an interface if the core parameters and 
connector types are the same. The cladding diameter would be specified to be compatible with the 
connector. The specifications in this document do not depend on the cladding diameter selected. 

Optic connectors should be in accordance with MIL-C-38999, or an approved equivalent The 
electro-optic interface board should employ a fiber optic pigtail to a fiber optic MIL 38999 Series IV 
connector receptacle with pins. The contacts should be #16 in accordance with MQs-T-29504/4. 
According to SAE AS-3 fiber-optics committee recommendations, butt termini are preferred over 
lensed termini. The pigtail should have proper strain relief to the backshell of the connector. The 
number of fibers, the fiber bend radius, and length will be specified. The harness would contain at least 
three connectors between the sensor and the electro-optic interface. The optical power budget for 
system connectors and fiber should not be less than the formula 2(n + 1) dB where n is the number of 
connectors in the system. This is based on 100/140 micron fiber where as smaller fibers will require a 
larger margin. 

3.2.1 The simple CW modulation interface.- The simplest electro-optical interface for 
fiber-optic sensors is illustrated in figure 32.1-1. This interface provides no calibration from optical 
power measurements so it is useful only with sensors that produce frequency modulation. A single 
light emitting diode (LED) illuminates the fiber-optic sensor continuously. The sensor modulates the 
light at a frequency proportional to the measurand. The modulated optical signal is detected in a 
photo diode and processed through electronic circuits that measure the frequency of the modulation. 

The electronic circuits required for the interface consist of a constant current source to drive the 
LED, a pre-amplifier (transimpedance amplifier) with automatic gain control (AGC) for the photo 
diode, bandpass filters, frequency counter, and digital interface to the microprocessor bus. 

322 The analog TDM interface.- Fiber-optic sensors that produce analog intensity 
modulation can be used with the analog TDM sensor interface illustrated in figure 3.22-1 (See 
Appendix C). This interface provides a normalized optical loss measurement that can be used to read 
microbend, macrobend, variable absorption, or variable transmittance type fiber-optic sensors. A 
single LED in the interface produces a short pulse of light to interrogate the sensor. The remote sensor 
includes means to split the pulse into two parts. One serves as an intensity reference level while the 
other is delayed in time and propagates through the sensing element Thro pulses of light separated by 
the delay time, return to the optical receiver. The ratio of the amplitudes of the two pulses is 
proportional to the measurand. The two returning pulses are detected by a photo diode and processed 
through electronic circuits that measure the frequency of modulation. 

The delay between pulses would typically be less than 100 nanoseconds. Detection averaging, 
performed in the lowpass filters in figure 3.22-1, provides more than 20 dB (optical) improvement in 
sensitivity. 
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The electronic circuits required for this interface consist of a pulser for the LED, a 
transimpedance amplifier with AGC for the photo diode, time base trigger and synchronization, 
analog multiplexes, lewpass filters, analog to digital converter, and digital interface to the 
microprocessor bus. Both pulse amplitudes are digitized. The ratio of the amplitudes is calculated in 
the microprocessor. 

An alternative to the pulse processing circuit shown here is the radio frequency (RF) 
interferometer where the LED pulser is replaced with a cw two— tone RF source and the reoeiver 
electronics measure the ratio of two frequencies. 

3.2. 3 The digital TDM interface: The digital optical interface illustrated in figure 323-1 
would be used to read digital optical code plates in sensors such as those developed in the Army 
ADOCS program (refs. 3,4,11 and see Appendix A). The interface reproduces the pattern on a remote 
optical codeplate as a digital output word to the processor. Tfcledyne Ryan Electronics has successfully 
implemented the time delay multiplexed architecture for high accuracy position feedback in the Army 
ADOCS flight demonstrator. This technique dramatically reduces the number of fibers and 
connector contacts required to interface to a number of binary optical sensors. 

A single LED produces a a short pulse of light to read the sensor. The remote sensor includes 
w rens to split the pulse into many, one for each bit in the optical code. Each pulse is delayed by a 
different amount in time and combined into a single return path. A serial binary pulse train returns to 
the optical receiver. The returning pulses are detected by a photo diode and processed through 
electr o nic circuits that convert the serial pulse train to a paralleled digital word. 

The length of the pulse train would typically be less than 240 nanoseconds while the sensor 
update time is greater than 5 ms. Therefore, many serial digital optical words can be averaged to 
produce a si ngle sensor reading. This post detection averaging is performed in digital circuits between 
the shift register and the processor interface, and can provide more than 10 dB (optical) improvement 
in signal-to-noise ratio. 

The electronic circuits required for the interface consist of a pulser for the LED, a 
t ransimpe da nce amplifier for the photo diode, time base trigger and synchronization, comparator, 
shift register, digital averaging, and interface to the micro-processor bus. 

The TDM transmitter produces a narrow pulse of light to interrogate a network or delay lines. A 
proposed TDM optical pulse waveform is illustrated in figure 3.23-2. The standard pulse width is a 
c om promise between the length of the delays which are achievable using fiber-optic delay lines in 
pra c ti ca l geometries and the speeds achievable in practical optoelectronic transmitters and receivers. 
The 10 ns width corresponds to a 4 meter delay which is quite practical in small, 2 cm diameter, coils. 
This pulse width is also producible in high speed, high radiance light emitting diodes. 

The standard delay length (about 4 meters in optical silica fiber) is that which sensor 
manufacturers must provide for the excitation pulse. 

The pulse risetime and fall time are selected to for practical transmitter time constants and 
receiver filtering for the specified pulse width. 


17 


The minimum peak pulse power level is specified to accommodate the losses and receiver 
sensitivities typically found in state-of-the-art fiber-optic sensors. This level is also within the range 
of lasers and low duty cycle LEDs. 


The suggested TDM spe ci fica t ions are: 


Pulse Width: 
Risetime/Falltime: 
Peak Pulse Power. 
Interference: 

Slot Spacing: 
Receiver Sensitivity: 


10 ns 
3 ns/4 ns 
1 mW (0 dBm) 

-30 dB (optical) 

20 ns 

-51 dBm noise floor in 
50 MHz bandwidth 


(-74 dBm noise floor may be achieved using post-detection 
averaging). 

3 . 2.4 The analog WDM interface.- The analog WDM sensor interface illustrated in figure 
32.4-1 would be used to read fiber-optic sensors that produce analog intensity modulation such as: 
microbend, macrobend, absorption, or transmittance types. The interface produces normalized 
optical loss measurement using wavelength division multiplex (see Appendices D-l and D-2). 

An array of LED ’s illuminate the sensor with a broadband spectrum as illustrated in the figure. 
The remote sensor includes means to filter two spectral components from the source spectrum. The 
intensity of one spectral component is varied in proportion to the measurand while the other serves as 
a reference. The ratio of the amplitudes of the two spectral components is proportional to the 
measurand. The receiver includes means to disperse the optical spectrum on a photo diode array. The 
optical spectrum returning from the sensor is detected in a photodiode array, and processed through 
electronic circuits that calculate the spectral power ratio. 

The components required in this interface are: a constant current source for the photo diode 
array a source power monitor, a wavelength dispersing element on a photo diode array, analog 
multiplexer, transimpedance amplifier, A/D converter, and microprocessor bus interface. 

3.2.5 The Digital WDM Interface.- The digital wavelength division multiplex (WDM) 
interface illustrated in figure 3.23-1 would be used to read digital optical codeplates (ref. 12 and 
Appendix D). An array of LED’s illuminate the sensor with a broadband spectrum as illustrated in the 
figure. The remote sensor includes means to filter the spectrum into many components, one for each 
bit in the optical code. Each spectral component illuminates a track on the code place, then the 
intensities from all tracks are combined into a single return path. A broadband spectral pattern 
returns to the optical receiver. The receiver includes means to disperse the optical spectrum on a 
photo diode array. The spectral power distribution is detected and processed through electronic 
circuits that produce the digital output. 

The components required in this interface are the constant current source for the LED array, 
dispersive element coupled to the photodiode array, analog multiplexer, source monitor, comparator, 
shift register, and microprocessor bus interface. 
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Litton Poly scientific Fiber-optic Products and NASA Lewis Research Center are developing the 
wavelength division multiplexed interface also as an interface to an optical code plate. This interface 
uses optical wavelength dispersing elements in the EEC to isolate sensor signals in distinct wavelength 
bands. For use in the EEC, the stability of the source spectrum and the dispersing elements over a 
wide temperature range must be considered. 

3.2.6 The spectral measurement interface.- Some fiber-optic sensors act as variable 
narrowband optical filters that produce a single spectral component in which file center wavelength is 
proportional to the measurand. The electro-optic interface to these sensors is illustrated in figure 
32.6-1. Sensors in this class include Fabry- Perot cavities, absorption edge shift, and spectral 
transmittance (movable grating) types. 

An array of LED’s illuminate the sensor with a broadband spectrum as illustrated in the figure. 
The remote sensor contains means to filter a single spectral component at a wavelength proportional 
to the measurand. The receiver includes means to disperse the optical spectrum on a photodiode 
array. The spectral component is detected by an element of the array and processed through electronic 
circuits that determine the wavelength. 

The components required for this interface include a constant current source for the LED anay, 
a dispei sive element coupled to the photo diode array, analog multiplexer, transimpedance amplifier, 
A/D converter, and microprocessor bus interface. 

The WDM transmitter must provide a broad spectrum of light to be filtered by the sensor 
network. The minimum acceptable power density must be consistent with that obtainable from 
state-of-the-art light emitting diodes and with the losses or power budgets of present WDM codeplate 
and spectral filtering sensors. The total width of the spectrum emitted by the transmitter depends 
upon the type and number of sensors in the application. A typical WDM optical spectrum is illustrated 
in figure 32.6-2. A realistic specification which meets these requirements is: 

Minimum power density: 2 microwatt/nanometer 

Ripple: Maximum 3dB variation 

across the specified band 
Spectral Coverage: 750 nm - 950 nm 

The WDM receiver filters the wavelength coded sensor signals into discrete bands for analysis. 
The channel spacing must be consistent with state-of-the-art WDM components and with the source 
power density specified above. With the specified channel spacing, the system must have a useful 
number of digital channels in a realizable source bandwidth or have sufficient wavelength resolution to 
decode an analog wavelength sensor. 

Channel width and channel spacing are here consistent with common fiber sizes in a grating-type 
WDM unit. The channel spacing corresponds to fiber diameter while channel width is determined by 
core diameter. Note that maximum channel width is specified, actual width may be smaller depending 
on core size. The presence of guard bands assures good channel separation over environment and 
manufacturing tolerances. Standard channel locations allow interchangeable sensors, and 
intennatability of encoders and decoders. 
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The implementation of the spectrum analyzer in the receiver requires further discussion, 
development and analysis. This function is now performed in several different ways: grating coupled 
CCD or miniature Fabry-Perot interferometer. In either case, the system specification may be 
affert«>d by component performance, e.g. finesse and stability of the Fabry Perot or size of the CCD. 

- The suggested WDM specification is: 

Channel spacing: 10 nm spacing between center of bands 

Maximum Channel width: 8.7 nm width occupied by signal power 

Guard band width: (Channel Spacing - Channel Width) 

H ■ 0.65 nm 

Channel locations: Bands shall be centered at wavelengths of 600 nm + - n ( Channel spacing ) 
with integer n. Allowable channels within the AlGaAs band are thus 730, 740, 750, ... , 940, 950, so 
about 25 channels are accessible using AlGaAs sources. 

Interference : -30 dB of the excitation power or 17 nanowatts (maximum). Note present 
state-of-the-art WDM components have as much as -15 dB cross talk. This specification places a 
limi t on the magni tude of the spurious reflections allowed in a single fiber system. The interference 
specification limits the maximum allowable power level in any other band. The -30 dB level is chosen 
to assure. compatibility with high accuracy, 0.1%, analog intensity type sensors. 

Receiver sensitivity: -78 dBm noise floor in 200 Hz bandwidth. 

3.2.7 The self luminous sensor Interface.- Three of the fiber-optic sensors considered for 
*>n gine control radiate light without any optical excitation. These are the turbine blade pyrometer, the 
black body temperature sensor, and the augmenter flame detector. For these reasons, the spectrum 
analyzer receiver illustrated in figure 3 .2.7-1 is required. 

The electro-optic circuit contains just the receiver portion of the WDM interfaces described 
previously. The electronics serve to produced digitized representation of the optical power spectral 
density to be processed by the micro computer. 

Though the blackbody temperature sensor is not compatible with external multiplexing schemes 
it is still a candidate sensor in the EOA. There may be unique sensing demands for which the optimal 
architecture would include sensors which are not multiplexed. A blackbody probe is well suited to the 
measurement of very high temperatures (such as exhaust gas) where few alternatives are compatible 
with multiplexing. Furthermore, significant improvements could still be realized by replacing wire 
connections with optical fibers without multiplexing. Therefore it is expected that the optimal 
architecture may still include a variety of sensor types with some multiplexed and others not 

3.2.8 Coherent fiber-optic sensor technology- Ultimately the greatest sensitivity and 
flexibility in fiber-optic sensors will be achieved through the use of integrated optics and singlemode 
coher e"! systems. Use of this technology is the current trend in commercial telecommunications 
which has been the source of the technology for fiber-optic flight controls. The generic form a coherent 
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interferometric interface is shown in figure 3.2.8- 1. The interface includes a frequency swept cw laser 
source illuminating a sensor probe through an input/output coupler. • In the sensor probe the 
parameter of interest (e.g. speed, flow, position) modulates the optical field on reflection. In the 
receiver a reference field is mixed with the probe field to produce a heterodyne signal at the offset 
frequency of the reference field. The receiver consists of a high speed photodiode with a low noise 
transimpedance amplifier and a bandpass filter to isolate the heterodyne frequency. The output from 
the receiver is a sinusoidal voltage carrier with amplitude and phase proportional to the optical field 
returned from the probe. Therefore, a radio receiver tuned to the heterodyne frequency can detect 
amplitude, phase, or frequency modulation modulation of the complex optical field. 

Coherent sensor types for engine parameters are as follows: 

Speed - a fiber-optic interferometric magnetic field sensor to serve as 
an eddy current probe similar to present speed sensors. This has the 
advantage that light is contained in the fiber at the sensor so it is not 
sensitive to contamination of optic surfaces. 

Flow - an a.c. coupled interferometric fiber strain sensor in a vortex 
shedding flowmeter provides an f.m. signal proportional to flow. 

Pressure - two options: (1) coherent detection in a microbend-type 
diaphragm pressure sensor, or (2) coherent phase detection in a 
photoelastic crystal. 

Temperature - frequency modulated carrier wave readout of silicon 
carbide or optical fiber Fabry-Perot resonators. 

Position - frequency modulated carrier wave readout of reflecting 
piston. 

Coherent sensors would be grouped on common frequency modulated earner wave laser 
sourer*; Temperature and pressure sensors would use a common phase reading receiver. Speed and 
flow would use a common frequency discriminator receiver. Position sensors would use a common, 
high accuracy, fringe counting receiver. 

Laser sources will be required for the coherent interferometric optical receivers. The 
temperature variations in the EEC electronics module will cause extreme variations in the output 
power and spectral characteristics of presently available commercial semiconductor laser diodes. 
However, new low threshold devices show promise of reducing the magnitude of this problem. The 
primary effect of temperature on the operation of a laser diode is to increase the threshold current. 
The magnitude of this effect is a doubling of threshold current for a 100 C rise in temperature. In the 
present generation of commercial semiconductor laser diodes the threshold current is typically 30% to 
50% of the maximum cw operating current so the effect of the 180 C temperature range of the EEC is a 
severe drop in laser power. Closed loop, constant optical power operation is not feasible since this 
would drive the injection current to excessive levels at the higher temperatures. Recently developed 
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taerdUafc, however, have very low threshold current In these devices, the threshold may be less than 
ten par<wtt>f the allowable cw injection cunent so the twofold increase in threshold current would 
icsrifciirjaiy a ten percent power reduction. 

3QBI Fiber-optic links to electronic sensors.- Many of the benefits of fiber-optic signal 
txMHnonia in aircraft control systems may be realized in networks of electronic sensors 
inaeuraoeted by optical fibers (Appendix C). The electro-optic circuit in figure 32.9-1 illustrates a 
fibcF-ejdtiMfcta bus terminal to interface with remote electronic sensors. The data bus protocol logic, 
fiba-«pii transmitter and fiber-optic receiver circuits would be replicated for each sensor. This 
isaadhmmmild transmit digital commands to the sensors to request data, then the remote terminals 
wonitsBanmit digital <Ma words back to the controller. 

3.3 Assessment of Evaluation Criteria 

JbtMs section the various optical modulation techniques will be evaluated on the basis of the 
crinawdintified in Section 2.1. These criteria include applicability to engine sensors, calibration, 
ng,fl|puai power budget, multiplex technique, and reliability. Each technique is assigned a 
qnamfeoaB measure for each feature (such as size in square inches, power in watts, complexity in 
■■■fcKafiiDOinponents and software operations, power margin in dB, or reliability in failures per 
anlMKftmrs) based on the state of the art forecast for the mid* 1990’s. The preferred methods of 
opainftandulation will be those which can be realized in the systems having the best overall measure. 

Sraaunpting to substitute optic sensors into this architecture one must consider the suitability > 

ofopticsnsing methods to the multiplex and sensor transmission techniques. For example frequency 
typaamm are weB suited to optic transmission while analog signals are not unless compensation and 
idfamneogpre provided. Also, due to the size and cost ofoptic transmitters, receivers, and connectors 
itinAMirie to minimize the number of these. 

T Ehma ost desirable multiplexing technique and network architecture would be one which is 
cnwptiiiHwith all or at least the greatest number of sensors while reducing EEC size and complexity. 
A^mH&|0exing technique or network architecture which cannot be used for certain measurements 
ore^hditsome measurements or sensor types would be judged undesirable. Similarly those sensor 
typacaiadk.aie compatible with optical multiplexing are more desirable than those which cannot be 
cas^imeKporated into a multiplexed network. 

30901 Applicability to engine sensors.- The continuous wave modulator interface is 
apgfiaBftionly to simple intensity-type sensors which produce a frequency-output such as a variable 
fsBQWMgAght chopper. This measurement can be used for speed, flow, and vibration sensing on the 

IkeipM, and WDM codeplate interfaces are applicable to absolute displacement sensors 
mqpimgffctter than 1% accuracy. In the engine control system these are the linear position, rotary 
pn»t<iwnjMid fluid level measurements. 

’■hnnalog TDM and WDM interfaces are applicable to absolute fiber loss measurements 
Rqnrapo better than 1% accuracy. In the engine control system this measurement technique can 
be aqpttdto linear position, fluid level, pressure, and temperature. 
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The analog wavelength interface measures the wavelength returned from the sensor which is 
typically varied by displacement of a dispersive element in the sensor. This type of interface is 
applicable to linear and rotary position, fluid level, speed, pressure, and temperature. 

The self-luminous sensor interface is needed for sensors which emit their own optical radiation: 
the light-off detector, turbine blade pyrometer, and blackbody temperature sensors. 

The FMCW interface measures the beat frequency produced in an unbalanced interferometer. 
This technique can be used for measurement cf position, fluid level, pressure, temperature, and speed. 

The remote electrically powered sensor interface is an optical date link transceiver which can be 
used with all of the conventional electronic sensors. 

A matrix showing the measurands for each of the nine interface types is shown in Ihble 33.1-1. 

33.2 Signal compensation or calibration.- The continuous wave modulator interface 
provides no optical loss compensation or intensity calibration. Therefore it is applicable only to 
measurements, such as the frequency of modulation, which are insensitive to signal level. 

The TDM, and WDM codeplate interfaces provide a direct reading of an optical codeplate 
pattern. The measurement calibration is provided by the codeplate assembly and is independent of 
optical power levels and link losses. 

The analog TDM and WDM interfaces provide a normalized optical power measurement which 
ca ncds source power and link loss drifts. The TDM interface does the normalization in the time 
domain by forming a ratio of pulse amplitudes. The WDM interface does the normalization in the 
optical spectral domain by forming a ratio of spectral amplitudes. 

The analog wavelength interface reads the wavelength of the light transmitted by the sensor 
independently of optical power level or link transmission loss. 

The self-luminous sensor interface for the pyrometer and blackbody temperature sensor forms a 
ratio of optical spectral components to determine the peak wavelength radiated by the probe. The 
light-off detector interface produces a binary output indicating whether the total power is above or 
below a threshold. 

The coherent interface measures the frequency or phase of a heterodyne intermediate frequency 
independently of optical power level or link transmission loss. The remote interferometer design 
assures that the sensor will be insensitive to phase noise in the optical harness. 

The remote electrically powered sensor interface transmits sensor data in digital codes complete 
with error detection bits. 

333 Size.- In Thble 3.4-1 these candidate multiplexing techniques are compared on the 
basis of the size of the interface circuitry and harness. Here size is represented by the number of 
distinct sources, detectors, and fibers required to service a number of sensors. With the more 
advanced optic multiplexing methods (namely WDM, TDM, FDM) the physical size of the interface is 
independent of the number of sensors. 
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Figure 3.2. 1-1. — The continuous wave (CW) modulation Interface: 
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Figure 3.2.2-1. — The analog TDM sensor 











Figure 3.2.3-1. — The digital TDM sensor, 
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Figure 3.2.3-2. — The EOA TDM puee standard. 
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Figure 3.2.4-1. — The analog WDM Interface: 




m 


U316I03U 

UIHS 












RECEIVEO OPTICAL SPECTRA 








OUTGOING CW \ | SAWTOOTH 



09 — 3 — » 15—14 


Figure 3.2.8-1 . — The coherent optical FMCW sensor Interface: 







TABLE 33.1-1 - APPLICABILITY OF FIBER-OPTICS TO ENGINE SENSORS 
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The WDM spectral slicing techniques require 4 LEDs and N low bandwidth optical receivers for 
N sensors while the TDM systems require only one high bandwidth receiver with one source. Given the 
same level of component integration, the TDM receiver is physically smaller than the WDM. The 
continuous wave modulator, FMCW, and the remote electrically powered sensor interfaces each 
require a single source and single detector. The self-luminous sensor interfaces require a single 
receiver for each sensor. An optical source may also be required if optical fiber fault detection is 
implemented. 

For the continuous wave modulator interface a two-fiber interconnect is recommended. This 
design avoids the 6 dB power penalty in the input/output coupler and produces a higher contrast signal 
for the frequency measurement 

For the digital TDM, analog TDM, and FMCW interfaces, the preferred interconnect is a single 
bidirectional optical fiber link because the sensors proposed for this interface tend to work in 
reflection and spurious back reflections can be separated in the time domain. The 6 dB loss penalty 
incurred in the reflective arrangement is included in the transducer loss estimates. 

For the digital WDM, analog WDM, and analog wavelength interfaces, a two-fiber interconnect 
is recommended to eliminate the effects of spurious reflections from connectors. One fiber connects 
to the transmitter, the other to the receiver. 

For the self-luminous sensor interface a single fiber is required for each probe. A two-fiber bus 
structure is recommended for the remote electrically powered sensor interface. A single I/O connector 
pin is required for each interconnect fiber on each interface. 

All of the candidate interface designs require approximately the same number of circuit elements 
(exclusive of optoelectronic devices): a 100 mA driver for the LEDs, three or four analog amplifiers 
(transimpedance amplifier, active filter, AGC circuit, A/D converter), plus three or four digital logic 
elements (frequency counter, shift register, sequencer, bus interface). Electronic circuit complexity is 
not a significant discriminator. 

The electrical power required for the TDM and WDM multiplexed sensor interfaces designed by 
Eldec and Litton respectively is approximately 6 Watts. This level does not represent a low-power 
CMOS design which is expected to reduce the power consumption to approximately one Watt, 

Estimates of the circuit board area required for a multiplexed sensor interface range from 26 cm 2 
(4 sq in.) to 77 cm 2 (12 sq in.) despite the fact that each design requires approximately the same number 
and variety of components. Therefore, the 26 cm 2 estimate is taken as a high density approach 
representative of what can be achieved in all of the designs with maximum utilization of gate-arrays, 
ASICs, and surface mount technology. 

Estimates of the weight of an electro-optic interface ranged from 50 g (1.76 oz) to 128 g (4.5 oz). 
The weight of the fiber optic cable in the system is determined by the network topology and is the same 
for each of the interface designs. 

3.3.4 Optical power budgets.- A physical limitation which is common to all fiber-optic 
networks is the optical power budget The elements of the optical power budget are the source power 


38 



r 

r 

f 

i 

i 

L 

( 

i 

1 

[ 

t 

f 

i: 

i. 

r. 

* 

i 

r 

[ 


level, the network losses, the receiver noise level, and the signal to noise ratio required to achieve the 
required level of sensor perform ance/sensitivity. 

The power budgets shown in Table 33.4-1 include source powers, transmission losses, and 
receiver sensitivities. The source in each system is assumed to be a high radiance AIGaAs light 
emitting diode (LED) or laser diode (LD). At room temperature the LED provides 4.0 microwatts 
optical power per milliampere of injection current into an optical fiber pigtail having 100 tun diameter 
core and 0.29 numerical aperture. The maximum power output is assumed to be limited to the 
maximum average power dissipation of 200 milliwatts (ref. 17). In the WDM and CW systems the LED 
is operated at a high duty cycle and provides 400 microwatts. For the TDM system the LED is pulsed 
in a low duty cycle providing 4 mW peak optical power in a 10 ns pulse. WDM spectral slicing 
techniques require 4 LEDs having 63 nm spectral width and 4 uW/nM power spectral density. The 
laser diode source for the coherent system is assumed to provide a total of 4 mW into the same 
aperture. 

The losses seen by the sensor interface arise from connectors and the transducer itself. 
Connector loss is estimated to be one decibel for the 100/140 fiber. A sensor interconnect would 
require at least six connectors. Transducers losses range from 5 to 25 dB based on manufacturer's 
data The total loss seen by the interface thus ranges from 11 to 31 dB as shown in the table. 

In addition to the anticipated losses, system margins and component deratings must also be 
included in the power budget. System margins account for repair splices, added connector, and 
connector aging (such as fiber “pistoning”, scratching of the fiber end, or wear of connector surfaces). 
Component deratings include source aging, source power drift over temperature, wavelength drift over 
temperature, and noise drift over temperature (ref. 19). Source lifetime is commonly specified as the 
time when the power has dropped to half its value so an additional -3 dB derating factor should be 
applied to account for degradation over time. The temperature drift of source power is about -1 dB per 
100°C. In the broadband sources for the WDM techniques, the 250 nm spectrum shifts by 50 nm over 
the temperature range leaving 200 nm available spectrum. 

For fiber-optic sensors a wide dynamic range receiver is usually required so a PIN photodiode 
with a transimpedance type preamplifier is the receiver design of choice. The performance of this type 
of receiver is well understood and there is a generally accepted model for the sensitivity (ref. 18). The 
optical noise equivalent power, excluding 1/f noise, achieved in state-of-the-art PIN photodiode 
transimpedance amplifiers is typically: 

NEP - (4 x 10“ 16 Joules) x BW Witts (*) 

where BW is the effective bandwidth of the receiver. As discussed in reference L the receiver noise is 
directly proportional to bandwidth in optimized designs. This value is very close to the theoretical 
minimum so significant improvements in receiver sensitivity are not expected. 
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TABLE 33.4-1 - OPTICAL POWER BUDGETS 
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With the receiver noise level known, the optical power level required to achieve a given sensor 
ac cu racy can be calculated. For analog sensors, the signal to noise ratio required is inversely 
proportional to the sensor accuracy. As a general rule, to provide adequate phase margin at the 
control loop bandwidth, the sensor time constants must be less than one third the sampling interval 
specified for the sensor. 

For digital sensors the signal to noise ratio must be at least 12 to achieve a bit error rate better 
than 10" 9 , so the received signal must have at least 24 x 10“ 16 Joules per bit assuming NRZ format and 
the bandwidth weighting given in reference 18. The number of bits in a single reading is proportional 
to the logarithm of the analog accuracy so the total energy required for a single sensor reading can be 
calculate The digital readings must be completed within the sensor time constant 

TWo limitations to these theoretical estimates must be noted. First the analog analysis assumes 
the use of optimized, low-bandwidth receivers with low 1/f noise. Such receivers are uncommon. In 
practice, the analog noise levels may be higher than estimated. Second, the bit rate in practical digital 
optical sensors is typically at least three orders of magnitude higher than the minimum estimated here 
because low bit rates require excessive length in fiber delay lines. For the higher bit rates, 
proportionally higher power levels will be required. 

The estimates for receiver sensitivity assume the use of a state-of-the-art photodiode receiver 
equivalent to a SO kilo-ohm transimpedance amplifier. This assumption is consistent with data 
supplied by manufacturers and allows a unified treatment of receiver sensitivity for all sensor types. 
The minimum receiver bandwidth of 200 Hz is chosen to be co n sistent with the update interval in the 
fnct^t control loop. The TDM systems require wider bandwidth in the receiver front end, however 
post-receiver averaging of the TDM pulse trains increases the signal-to-noise ratio by 15 to 23 dB. 

In conclusion, the net power margins for a single sensor range from 4 to 16 dB if an LED source is 
used with a PIN photodiode receiver. 

*B> insure adequate optical signal levels at the electro-optic interface, the fiber-optic link loss 
must be controlled within limits. This analysis included manufacturers estimates of the optical 
insertion loss of their sensors. Conversely, the sensor losses used in the optical power budget can be 
used as specifications for the maximum allowable loss in a sensor. Using this approach, the optical 
loss budget for each of the nine sensor types is: 
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Digital TDM 
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3JJ Optic multiplex topologies and switch technology.- Multiplexing sensors on common 
sources and receivers is a method for minimizing the number of circuit elements, the circuit board area 
and the I/O pincount The number of sensors on a common interface is ultimately limited by the 
optical power budget so the impact of sharing sources and receivers on the optical power budget was 
analyzed. Multiplex operation effects the optical power budget in two ways: (1) by dividing power 
among sensors and (2) by reducing the receiver integration time where data must be multiplexed in a 
serial format Five network topologies were considered: (a) the non-multiplex (parallel) baseline 
architecture; (b) a single shared source; (c) a single shared receiver; (d) shared source and receiver; and 
(e) a matrix of sensors with shared sources and receivers. 

The parallel architecture illustrated in figure 3 33-1 serves as a baseline for comparison. Here 
an optical source and receiver .are dedicated to each sensor. There are no network losses associated 
with the number of sensors. All of the sources illuminate all of the sensors continuously and the 
receivers have the maxim um integration time of 1/3 update interval. The theoretical minimum optical 
power required at the receivers in this topology was calculated in Section 33.4. 

TABLE 333-1 - SIZE OF MULTIPLEX TOPOLOGIES 



MSMD 

(baseline) 

SSMD 

MSSD 

SSSD 

Matrix 

Switch 

Sources 

N 

1 

N 

1 

JS 

1 

Detectors 

N 

N 

1 

1 


1 

Fibers 

2N 

N + 1 

N + 1 

2 

2i/N 

2 

Pincount 

2N 

N + 1 

N + 2 

2 

2/N 

N + 1 


In the topology illustrated in figure 333-2, a single source illuminates N sensors in the network 
continuously so the power is divided. Receivers still integrate over the full 1/3 update interval. The 
source illuminates all sensors continuously, or quasi- continuously in the case of repetitively pulsed 
sources. (The case of repetitively pulsed sources will be treated in detail in a later analysis of optically 
pulse TDM networks.) The total impact on the power budget in this topology is a loss of -10 Log N dB. 

In the case of the shared receiver, figure 333-3, a single optical receiver is shared by N sensors. 
The sources are turned on sequentially to produce serial optical sensor inputs at the receiver. In this 
mode of operation the source power can be increased in inverse proportion to the duty cycle, lb obtain 
serial data from the receiver each of the N sensors is sampled in 1/N of the allowable integration time. 
Therefore the receiver bandwidth and noise level are increased. This increase in receiver noise is 
compensated by the increase in source power. There is still a slight penalty for sensors with long 
update intervals because all sensors in the network must be sampled at the shortest update interval. 

Where a receiver is shared there is also a potential for excess loss due to reciprocal loss in power 
combining. So the net impact where a receiver is shared by N sensors is an additional link loss Of -10 
Log N due to reciprocal coupling losses. If the fiber size is larger for receivers than it is for transmitters 
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and sensors, as in bundle couplers, asymmetric directional couplers, or. WDM demultiplexers this 
reciprocal loss can be avoided at the expense of the added complexity of having a multiplicity of fiber 
sizes installed on the engine. 

The fourth topology, shown in figure 33.5-4, is the case where a single source and a single 
receiver are shared by a group of sensors. In this case three effects impact the power .budget: power 
division, reciprocal loss in power combining, and reduced receiver integration time. Therefore the net 
impact on sensor signal-to-noise ratio is -30Log N dB if a common fiber size is used on the receiver, or 

-20 Log N dB if a larger receiver aperture or non-reciprocal power combiner is used. 

$ 

Finally, the matrix architecture in figure 3.33-5 can be considered (ref. 20). In this case each 
receiver is shared by /N sensors so there is an increase in receiver noise of 7 n and a potential 
reciprocal loss of 7 n. Each source illuminates M sensors and the sources are switched on in 
sequence. Therefore there is a power division loss of -5 Log N dB and the sources can be operated at 

times the cw power level. The increased source power compensates for the increase in receiver 
noise so the net impact on the network loss is -10 Log N if a common fiber size is used on the receiver 
and - 5 Log N if a non-reciprocal power combiner is used. 

In conclusion, multiplexing a groups of sensors on common sources and receivers will reduce the 
power margin by an amount which depends on the topology. In topologies with a shared receiver there 
is a potential benefit if the network uses a non-reciprocal power combining technique such as 
wavelength demultiplexer or asymmetric fiber couplers. After estimates of the sensor insertion losses 
are received from the vendor consultants, the power budget can be used to determine the maximum 
number of sensors which can be supported in each topology. 

The number of sensors which can share a single interface circuit is determined by the power 
budget and the number of available “addresses”, i.e. the number of wavelength bands or the number of 
time slots. The power budget limits the number according to the loss penalties discussed in previous 
reports. For a group of N sensors, the loss penalty ranges from 5 log NdB to 20 log NdB depending on 
the multiplex technique. Figure 33.5-7 shows the single-sensor power margin required to support a 
number of sensors. This figure can be used to determine the number of sensors from the net power 
margin estimated in Table 333-1. Excess loss is a significant factor. This analysis assumes excess loss 
in decibels directly proportional to the number of sensors in the network. Hence a four-sensor 
network includes four decibels of excess loss. 

The number of electro-optic interface circuits required to service the 44 sensors on the engine 
de pe nds on the number of sensors which can be multiplexed on a common interface. The two self 
luminous probes, LOD and turbine blade temperature, are not compatible with any multiplex 
technique. Figure 33.5-7 indicates that 4 to 15 interface circuits would be needed to access the 
remaining 42 measurands, depending upon the topology selected and the multiplex technique. 
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3.3 .5-1 Optical switch multiplexer technology: The advantages of the optical switch 

multiplexer are reduced circuit board area, reduced parts count, and possibly lower power 
consumption. Use of the optical switch would not reduce the I/O pincount nor the number of fibers 
required to service the sensors. The architecture would feature optical switching of a single source or 
receiver among an array of fibers. The purpose of the optical switch in this application is to replace 
electronic analog multiplexers by performing that function directly on optical signals. Presently, 
electronic sensors in an engine control are interfaced to digital control logic through low-level analog 
multiplexers. In a fiber-optic sensor system it is desirable to provide a similar function, i.e. switch light 
to a single output fiber from any one of N input fibers. Switch specifications are summarized in Ihble 
33.5-2. 


TABLE 333-2 - OPTICAL SWITCH SPECIFICATIONS 


Requirement 

Multi-mode 

Single mode 

Fanout 

16:1 

4x2:1 

4x2:1 

Loss 

1 dB 

3.2 dB 

43 dB 

Crosstalk 

-30 dB 

-50 dB 

-30 dB 

Speed 

<100)i sec 

1 ms 

1-nsec 

Wavelength 

750-950 nm 

Broadband 

*0Jt2% 

Environment 

-55 to 125 C 

TBD 

TBD 

Improvement in loss, speed, wavelength sensitivity 
and environmental data are needed 


Analog electronic multiplexers typically provide 8:1 or 16:1 fanout A useful optical switch would 
address the same number of channels. Other parameters of interest are optical insertion loss, linearity, 
crosstalk, switching time, and optical wavelength sensitivity, ’typically, 1 dB would be budgeted for the 
insertion loss. The optical linearity must be better than 0.1% over the optical power range from 10 
picowatts to 100 microwatts. The crosstalk from inputs other than the one selected must be less than 30 
dB (optical) to permit accurate analog sensing. A switching time less than 1 microsecond is desirable. 
Broadband operation over 750 to 900 nm or 1250 to 1350 nm is also desirable. If the design is sensitive 
to wavelength, then a wavelength tolerance must be specified. Both multimode and singlemode 
designs are needed. 

Three types of optic switch can be considered for this design: optomechanical, electro-optical, 
and integrated optic. Optomechanical switches are now commercially available. These devices rely on 
electromechanical movement of precisely aligned fiber arrays. They are subject to microphonic 
pickup and vibration so they are not desirable in an engine mounted EEC. Bulk electro-optical 
switches have been proposed and demonstrated. Because these devices require complex alignment to 
discrete micro-optic components and high voltage for operation they are generally not desirable in the 
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EEC. The integrated optic waveguid: switch is based on optical waveguide modulator technology 
being developed by UTRC. It features low voltage operation at extremely high speeds tod the 
potential for small, lightweight, ruggedized package. 

Numerous configurations of multimode optical switches have been fabricated, tested and 
reported in the literature. These switch configurations fall into three categories; moving fiber, 
scanning optical beam and multimode integrated optic devices. The moving fiber system employed 
electro-magnetic force to move the input fiber between one of two, closely spaced, output fibers. The 
scanning optical beam switches moved a collimated input optical Warn between two or more output 
fibers placed beyond a lens. The scanning mechanisms, in general, involve ether moving optical 
elements, liquid crystal shutter/mirror elements, or electrooptic birefringent shutter elements. The 
multimode integrated optic switch directed the optical signal in the input waveguide of a Y branch 
structure to one of the two outputs. These devices functioned by modulating an electric field at the 
junction of the Y branch which switched the optical signal from one output to the other. 

The present multimode optical switch technologies have at least one of two fundamental 
problems which preclude their use in high speed multiplexer systems for aerospace applications. 
These fundamental limitations are high insertion loss or slow switching speed. Of all the switch 
configurations considered in this investigation, the moving fiber switches are the most promising 
technology with insertion losses of 0.5 and 0.8 dB as well as switching speeds of 1 and 13 msec (refs. 21, 
22). The 1 msec device was achieved by magnetically moving a fiber that was coated with a 
ferromagnetic film, whereas the slower device moved a ferromagnetic reed with an attached optical 
fiber. These switches also had output channel crosstalk isolation levels of less than -70 and -50 dB and 
no optical wavelength sensitivity. The only other candidate technology is a scanning optical beam 
switch that employed a galvanometer movement equipped with a spherical minor to switch the input 
signal to one of five outputs (ref. 23). This system has a typical insertion loss of 15 dB and a scanning 
frequency of 300 Hz. The crosstalk levels ranged from -23 to -38 dB and there was no wavelength 
sensitivity stated. The moving fiber switch that manipulated the coated fiber is the best technology of 
the multimode switches since it had the best performance and provided high reliability potential due 
to the lowest parts count. 


All the other multimode switch technologies had lower performance characteristics than the 
preceding systems. The mechanical scanning optical beam switches which moved lenses (ref. 24) or 
prisms (ref. 25) or mirrors (ref. 26) all had similar insertion losses, 15 dB, and switching speeds of 8-10 
msec. A liquid crystal optical beam scanning system was reported, having a 15 dB insertion loss and a 
4 msec switching speed, furthermore the temperature range of this liquid crystal devices was from 7 to 
84 deg C (ref. 27). Another reported beam scanning switch employed the electrooptic effect in PLZT 
ceramic to rotate the polarization vector of the input beam by 90 degs to produce a shutter mechanism 
(ref. 28). This system was reported to have an insertion loss of 1.9 dB, but the 3 dB loss from polarizing 
the input beam was neglected. The switching speed was 70 nsec. The multimode integrated optic 
switches were not fiber compatible since the waveguides were 15 microns deep by 8-40 microns wide, 
producing high insertion losses which were not reported (refs. 29-31). The attainable switching speeds 
were reported to be 1 GHz when optimized electron designs are used. 
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Single mode switching structures are capable of switching optical signals in one microsecond or 
less. Both LiNb03 and semiconductor waveguide devices can be used for this purpose. LiNb03 is the 
move nnature of the two technologies since it has been studied extensively in recent years for 
telec ommuni cation switching applications (ref. 32). Several research laboratories have demonstrated 
44 and 8x8 switch arrays in LiNb03 and these structures are currently becoming commercially 
avaflribie from several vendors. 

Regardless of the specific waveguide technology used to implement the integrated optical switch 
amputee N-l switch elements are arranged in a K-stage binary tree configuration. To switch from the 
inpu Bpor t to the desired output port, K switches need to be activated. As a result of reciprocity, this 
stneSzure can also function as an tel analog multiplexer by operating it in reverse. 

Bogert et aL (ref. 40) demonstrated a 4x4 crossbar array which consisted of sixteen reversed delta 
beta (directional couplers. The device operated at 13 microns and had a pigtailed fiber-to- fiber 
iuuedson loss of 52 dB. The switch elements with 53-mm- long electrodes required 8.0 + 1.8Voltsfor 
the cross state and 13.4 + 1.7 Volts for the bar state. The optical crosstalk in the switch array was 
<-35(dB for all switch elements. 

Kfeges et aL (ret 42) demonstrated a 4x4 crossbar array which consisted of sixteen X-switches. 
Norofl u e for insertion loss was given for the 13 micron device. The 1-mm-long electrodes required 
+25ifolts for the bar state and -35 Volts for the cross state. The optical crosstalk ranged form -25 to 
<-35<dB. 

Sawaki et aL (ret 33) demonstrated a rectangularly configured switch array which consisted of 
If KNcrsed delta beta directional couplers. The device operated at 13 micron and exhibited a 
fibcr-tto-fiber insertion loss of 4.7 + 03 dB. The switch array had very uniform voltage requirements 
wite9 + 03 Volts for the cross state and 20 + 03 Volts for the bar state. Optical crosstalk ranged from 
-2Sl»-30dB. 

Milbrodt et al. (ref. 41) demonstrated a 4x4 switch array which utilized a non-blocking 
dmtanyan architecture. Their architecture required 3 banks of four reversed delta beta directional 
couplers. The fiber-to-fiber insertion loss in their 13 micron device ranged from 2.9 to 4.8 dB. The 
835-Bnm-k>ng electrodes required 4 + 13 Volts for the cross state and 113 + 1.5 Volts for the bar 
stmt. Optical crosstalk was extremely low and ranged from -36 to < -44 dB. 

Outhie et al. (ref. 35) demonstrated an 8x8 re-amngably nonblocking switch array which 
otBawd 28 reversed delta beta directional couplers. The average fiber-to-fiber insertion loss in their 
amfwas 53 dB. The 435-mm-long electrodes required 25.7 Volts for switching. Optical crosstalk 
uaatess than -20 dB. 

Oranestrand et al. (ret 34) demonstrated an 8x8 crossbar array which utilized 64 directional 
couplers. The 13 micron device had a fiber-to-fiber insertion loss of 53-6.8 dB. The 3-mm-long 
dedandes required 18.6 + 3.6 Volts for the bar state and 26.4 + 1.6 Volts for the cross state. Optical 
r inutrullr is currently <-30 dB. 

INishimotoet al. (ref. 36) demonstrated a polarization- independent strictly-nonblocking 4x4 
sutetfc array consisting of twelve polarization-independent directional couplers. The device operated 
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at 13 micron and exhibited a fiber-to-fiber insertion loss of 4. 0-6.0. dB independent of input 
polarization. Switching voltages for the twelve elements ranged from 21 to 32 VWts. Optical crosstalk 

levels ranged from -15.5 to -45.8 Db with an average crosstalk level of -28 dB for the TM mode and 
-29.6 dB for the TE mode. 

Granestrand et. al. (ref. 37) demonstrated a polarization independent strictly-nonblocking 4x4 
switch array which was configured in a tree architecture. The array required 24 switching elements. 
The 13 micron device had a fiber-to-fiber insertion loss of 8.4 + 1-4 dB for the TE mode and 8.4 + 0.6 
dB for the TM mode. The device required 50 Volts for switching between the cross and bar states. 
Optical crosstalk was < -29 dB for all switch elements. 

A near-term (within one year) realistic estimate of the performance of 1x8 and 1x16 
multiplexers/demultiplexers is presented: 

Optical Insertion Loss: Assuming an electrode length of 10 mm, a 1x8 circuit will be 
approximately 4 cm long while a 1x16 circuit will be approximately 5 cm long. Included in these lengths 
are 1 mm for bends into and out of each switch element and an additional 4 mm on one end of the 
crystal to separate the waveguides to the typical 250 micron center to center fiber spacing. A 
conservative estimate for propagation loss is 0.3 dB/cm at both 0.8 and 13 micron so that the 1x8 and 
1x16 circuits will have 1 2 and 13 dB propagation loss, respectively. 

The total fiber-to-fiber insertion loss in the 1x8 and 1x16 devices should be approximately 4 and 
43 dB, respectively. In addition to propagation loss, these values include excess device loss of 03 dB 
per device rank, Fresnel loss of 0.1 dB per fiber/waveguide interface, fiber coupling loss of 03 dB per 
jntf ffpp*, and excess pigtailing loss of 03 dB per interface. These estimates are slightly conservative 
based on current technology, however, they should represent values which can be easily achieved once 
the LiNb03 technology is transferred from the research laboratories to manufacturing divisions. 
Champion devices should exhibit 2.5-3 dB insertion loss. 

Optical Linearity: Devices operating at 13 micron should exhibit an optical linearity of better 
than 0.1% for optical powers ranging from 10 pW to 100 pW. At 0.8 micron, optical damage 
(photorefractive effect) will place an upper limit on optical power handling of 10 »iW for Ti-diffused 
waveguides. For power < 10 »iW, the linearity should be comparable to the 13 micron devices. The 
power handling capabilities can be increased to 100 jiW at 0.8 micron if proton-exchanged waveguides 
are used. 

Optical Crosstalk: At least two laboratories have demonstrated polarization- dependent switch 
arrays with < -35 dB optical crosstalk. As fabrication processes become better controlled, achieving 
crosstalk levels of -35 dB should become routine in 1x8 and 1x16 circuits. Due to tighter fabrication 
requirements, polarization- independent circuits will likely exhibit crosstalk levels of -25 dB. 

Switc hing Time: Electrode capacitance is typically 5 pF or less for most device structures. For 
50- ohm termination, switching times of 10 nsec are easily achieved. 

Drive Voltage: The drive voltage in the polarization-dependent circuits should be < 5 Volts at 0.8 
micron and <8 Volts at 1.3 micron for 10-mm-long electrodes. The drive voltages will be 
approximately 3 times larger at each wavelength. 
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Wavelength Sensitivity: AD of the devices described in this work are wavelength sensitive. 
Varying tthe wavelength changes both the coupling length and the voltage-induced in the directional 
coupkrHttype devices. Tb maintain < -30 dB optical crosstalk, the wavelength must be controlled to 
within 

■ JLB.6 Reliability.- The failure rates of the electro-optic interfaces were calculated based on 

the nanfber of electronic circuit dements and electro-optic components using MIL-HDBK-217E 
procedures with the following assumptions: 

- Aupenvironment, 65*C ambient temperature 

- JAKcguality for optoelectronics, MIL-M-38510 Qass S for electronics 

- 50°C stress 

- gun and transistor counts > 100 per package 

- 16-fire hermetic DIP packages 

- AJEkAs Laser Diode, 100% duty factor, fixed 100 mA current source, 50% degradation 

He failure rates calculated for key electro-optic interface components using these assumptions 
are shmwn in Tkble 33.6-1. Also shown in the table are the calculated failure rates for each of the nine 
canCtete sensor interface types. Except for the coherent sensor, all of the candidates have failure 
rates whiich foil between 12 to 193 failures per million hours. The differences in failure rates arise 
mafofe ftrom the optical sources or detectors. 

leer all sensors, redundancy would be implemented by duplicating the sensor, optical fiber 
intescoBinect, and electro-optic interface in each of the two channels of the engine control. In a 
muh^phsxed architecture the sine, weight, performance, and component reliability advantages are 
ptadased at the price of a single point failure potential which did not exist in the original 
nooHButttiplexed electrical system. This potential may affect the system redundancy or fault tolerance, 
hence tfoe number and types of sensors which can in practice be allocated to a multiplexed interface 
ratynoftbe limited by optic technology but rather by system fault tolerance requirements. This aspect 
of (be problem will be considered in Thsk II of the proposed program. 

More experience is needed to determine fault isolation and maintenance strategies for 
fibef-ofptic sensors. 
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TABLE 3J.6-1 - ELECTRO-OPTIC INTERFACE RELIABILITY DATA 


Part 


Failure Rate/10 6 Hr 


Light Emitting Diode (LED) 
LED driver amplifier 
LD 

PIN photodiode 
CCD photodiode array 
Photodiode pre-amplifier 
Analog amplifier 
Analog multiplexer 
AVD converter 
TIL frequency counter 
Digital gate array 
Power supply regulation 

Candidate 


0.8 

0.6 

360.0 

0.4 

8.0 

02 

02 

02 

1.8 

IS 

1.5 

0.6 

Single sensor 

failure rate/10 6 hours 

(UTRC estimates per MIL-HDBK-217E) 


Analog TDM 7 2 

CW modulation 7.8 

Digital TDM 9.6 

Self luminous 10.8 

Coherent 361.0 

Analog WDM 15.6 

Digital WDM 15.6 

Spectral measurement 15.6 

Electronic 192 


3 J.7 EEC location.- The location of a EEC processor with electro-optic input and output 
interfaces effects the the evaluation criteria established for this study as described below. 

Types of sensors: EEC location cannot compromise the types of sensors which can be 
accommodated in the design, however a remote EEC may restrict the optical sensing mechanisms 
employed for each quantity if higher degree of multiplexing is required to support the off-engine 
location. 

Signal compensation or calibration: EEC location should not effect signal compensation or 
calibration methods or whether the sensing mechanism is digital or analog. 

Number of channels: Location of the EEC does not effect how many sensors can share a single 
optical source or receiver. Remote location may be more feasible if many sensors share common 
sources and receivers. 

Number of distinct sources and detectors: Location of the EEC does not directly effect the 
number of optical sources and detectors required to service all of the sensors. However, a remote EEC 
would place more emphasis on minimizing the I/O fiber count and thereby may influence the number 
of sources and detectors. 
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Figure 3.3. 5-3. — The multiple source, single detector (MSSD) topology: 
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•Ingle detector (SSSD) topology: 
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Figure 3.3.S-5. — The fiber-optic matrix multiplex topology: 
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FROM FIBER-OPTIC 
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FIXED LINK LOSS PENALTY 

Figure 3.3. 5-6. — The optical switch topology: 
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POWER LOSS PENALTY, dB 



NUMBER OF SENSORS, N 


Figure 3. 3. 5-7. — The optical power budget limits the number of sensors on a 
common multiplex Interface. 
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Number of fibers and I/O pfocoant: A remotely located EEC would naturally lend to favor 
architecture having the minimum number of parallel optical fibers and I/O connections to service all 
of the sensors. Note that this is primarily a size and maintainability issue, system weight is not 
significantly increased by adding more fibers to the cable. Note that it is desirable to minimize the I/O 
pincount for any location of the EEC. 

Optical power margin: A remote EEC impacts the optical power margin by inserting additional 
optical connectors between the EEC sensor interface transmitters and receivers. Hus unpact is 
estimated to be an additional two connectors in each direction or about 4 dB in additional loss. The 
power margin is also effected if a higher degree of multiplexing is required to support an off-engine 
EEC. 

Signal processing time: Location of the EEC does not impact the signal processing time for the 
electronic interface to compute the sensor value or the bandwidth of the analog portion of the receiver. 

Complexity: The location of the EEC effects the number of circuit elements in the electronic 
interface only if higher degree of multiplexing is required to support an off-engine EEC. 

Electrical power consumption: Additional electrical power may be required for the interface 
circuitry if additional multiplexing is needed for an off-engine location. 

I/O circuit area: The location of the EEC should not effect the circuit board area required for the 
electro-optic interface. 

Wright: Application of fiber-optic data links and fiber-optic sensors reduces the harness weight 
thereby changing the tradeoff between harness weight and EEC location. The total length of cable in 
the sensor system is estimated to be 400 feet per channel. The weight of the optical fiber cable is 0.0045 
Ib/ft compared to 0.0372 lb/ft for wire. If the wire is replaced with optical fiber cable then the weight of 
the optical harness would be less than 2 lb. Assuming that an additional 4 lb of electronics plus 4.5 lb of 
composite connectors would be required to support the optical interface to the sensors, the total 
weight of an optical control harness would be 10.5 lb. Assuming a worst case of 88 fibers in the harness 
the additional weight required to extend the harness 10 feet from the engine is only 4 lb. This requires, 
of course, that ALL sensing and actuation functions on the engine can be accomplished with optical 
signals alone. The conclusion reached through this comparison is that harness weight is not a 
significant factor in design of the all-optic control system. Therefore, location of the EEC in the 
electro-optic architecture does not significantly impact the weight of the system. 

Reliability: The location of the EEC effects its reliability mainly by the environment. Previous 
studies concluded that the thermal and vibration environment for optimum airframe and engine 
mounting locations are essentially the same. In both cases the EEC electronics must be rated for 
operation over the -55 C to 125 C temperature range and high vibration levels. On the engine itself, a 
relatively cool location away from the core is preferred. Note the the MTBF the commercial 
engine-mounted EEC in service now exceeds 20,000 hr. Therefore, the reliability factor favors a EEC 
locati on in the cooler, lower vibration locations in the airframe or on the engine but does not effect the 
choice of engine versus off-engine location. 
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Re du ndancy: Since the EEC location does not strongly influence EEC reliability, redundancy 
requirements would not be effected. 

EMI immunity: By design, the electro-optic architecture will use no metal wires for signal 
transmission so the EMI susceptibility of the system will be unaffected by the harness length or routing 
to different EEC locations. 

Maintainability: EEC location effects maintainability through accessibility. Fault detection, and 
ii w ltti op , an d electronic components replacement may be easier in an airframe location. 

Availability or development schedule: Since an all-optic architecture is assumed wherever the 
EEC is located, the development issues are not effected by location. 

The choice of location for the EEC is influenced primarily by maintainability, complexity (in the 
form of multiplexing), and optical power budget In general this means a location away from hot spots 
and extreme vibration levels. In the airframe this implies locating the EEC in a central bay. On the 
engine the EEC must be located forward outside the fan. Improved maintainability favors the central 
location with other aircraft electronics. Reduced system complexity and maximum optical power 
budget favor the location on the engine. Other factors (sensor types, sensing mechanisms, fibers, 
sources, detectors, processing, power consumption, size, weight, reliability, redundancy, EMI 
immunity, and development schedule) are not strongly effected by the location of the EEC. 

In conclusion, the electro-optic architecture will support either the engine or airframe locations 
but the use of this architecture does not influence this selection. None of the evaluation factors are 
effected by where the sensors are distributed around the engine. This is because the fiber-optic cable 
weight is insignificant EEC location (within the confines of the aircraft) can be determined without 
consideration of the sensor locations. 

3.4 Summary of Elactro-Optic Architectural 

The 14 figures of merit for the nine candidate interface types are summarized in Tkble 3.4-1. In 
most areas little or no significant difference can be discerned between the candidate sensing methods. 
The areas in which there is some discrimination are the types of sensors which can be accommodated, 
the effectiveness of drift compensation, the numbers of sources and detectors required, the optical 
power margin, the number of multiplex channels, and reliability. 

All of the candidate interface designs are capable of computing multiple sensor values within the 
5 milliseco nd control loop. The fiber-optic receiver bandwidths can all be matched to the data 
acquisition rate. Signal processing time is not a significant discriminator between interface designs. 

All of the candidate systems are presently in prototype stage, except for the coherent system 
which is still in laboratory development and lags the multimode, incoherent designs by an estimated 
five years. None of the fiber-optic sensor designs have been proven in the aircraft engine environment. 

While the simplicity of the transducer design and the interface electronics recommend the analog 
deigns over the digital approaches, the limited accuracy of analog compensation schemes in the 
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engine environment may dictate use of the more complex digital methods, to insure sensor accuracy. 
This selection depends on real performance data in the target environment Of particular concern are 
the effects of spectral drift in analog wavelength domain intensity referencing and drift of delay coil 
loss in analog time domain intensity referencing. Therefore, both analog and digital optical sensor 
types should be evaluated in system demonstration. The architecture for the demonstration/evalua- 
tion should accommodate both types for the appropriate groups of sensors. 

The wavelength multiplex methods in general require a larger number erf sources and detectors 
than the time domain techniques. However, the use of more efficient packaging such as LED or 
photodetector arrays may reduce the size of multiple receivers or transmitters. 

The optical power margin in passive multimode opdeal fiber sensor links ranges from 13 dB to 22 
dB. However there is a large uncertainty in these estimates due to unknown performance of 
fiber-optic sensors in the engine environment. The number of multiplex channels on a common 
shared interface, as determined by this optical power margin, ranges between four and eight. 

Estimates of failure rates range from 12 to 15.6 failures per million hours, with the exception of 
coherent systems and remote electronics. Note the laser source alone has a failure rate two orders of 
magnitude higher (360 failures per million hours). There is a small reliability penalty in wavelength 
multiplex systems due to the larger numbers of sources and detectors, however the magnitude of this 
difference may not be significant. 

In conclusion, the analysis shows no strong discriminator (except reliability of laser diodes and 
remote electronics) on which to base a selection of preferred common interface type. Therefore a 
hardware test program is recommended to assess the relative maturity of the technologies and to 
determine real performance in the engine environment. 
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4.0 OPTICAL ACTUATION 


Optical actuation of fluidic devices has been proposed as an alternative to electrical controls. 
Optical power sources, glass fiber transmission lines, and optical connector technology are all well 
developed and available for this application. The essential element of a complete optically controlled 
actuator which still requires development is the opto-fluidic interface where optical intensity is 
converted to fluidic pressure. 

A number of attempts to build opto-fluidic or opto-mechanic interfaces have been made. In 
1885, Alexander Graham Bell used the opto-acoustic effect to produce sound in a gas with a chopped 
beam of sunlight (ref. 43). For most of the century following Bell’s experiment, the opto-acoustic effect 
was used only to study the absorption of light by materials. In 1976, an optoacoustic telephone was 
demonstrated at BeU Telephone Laboratories (ref. 44). In 198a an optically controlled fluidic actuator 
was built. This device used the opto-acoustic effect to generate a pressure signal in the control port of 
a fluidic laminar proportional amplifier (ref. 45). Optical actuation of electro- mechanical devices via 
photoelectric cells has also been demonstrated (refs. 46-48). 

The optical hydraulic servovalve (OSV) proposed for the EOA is made up of a hydromechaiucal 
subsystem and an opto-fluidic subsystem as shown in figure 4.0-1. The OSV employs an optical 
command signal to generate a fluidic pressure signal that is used to control a hydraulic servovalve. The 
optical command signal, generated via solid-state laser, is conveyed to the opto-hydraulic interface 
(OHI)through fiber optics. The OHI is a modified fluidic laminar proportional amplifier (LPA) which 
transforms the optical signal into a differential pressure signal The OHI is followed by hydraulic 
amplification with a fluidic gain block assembled from laminar proportional amplifiers. The OHI and 
LPAs are fluidic devices that function in the same manner except that the OHI is modified to 
accommodate the optical input signal. 

The Opto-Hydraulic Interface (OHI) illustrated in figures 4.0-1 and 4.0-2 converts an optical 
signal into a hydraulic pressure via thermal manipulation of boundary layer flow in a fluidic device 
(refs. 49-5 1). Pressurized fluid is accelerated through a nozzle forming a fluid jet (represented by three 
arrows) which creates a pressure at the outputs via jet stagnation. The signal conversion is performed 
by optically heating one side of the nozzle back plane causing a localized reduction in the hydraulic oil 
viscosity, deflecting the jet off center and producing a differential pressure between the output ports. 

The OHI driver module consists of a commercial pulse width modulator circuit and a current 
amplifier for the laser diodes. The pulse width modulator circuit accepts a digital signal input and 
produces an output pulse train with duty cycle proportional to the input level. The laser diode delivers 
50 mW continuous output power from a step index 100/140 fiber optic pigtail. The OHI/hydraulic 
amplifier was connected to the laser diode with a 100/140 step index optical fiber to provide the optical 
command signal to the OHI. The connection with the OHI is made with a 0.48 pitch graded index rod 
lens. The graded index rod lens serves as the window and focusing element The focused optical 
energy has a 35 micron diameter spot. The rod lens is potted into the fluidic top cover plate whereas 
the fiber-optic termination is bolted to this cover plate. The OHI top cover plate is the physical 
boundary between the optical and fluidic portions of the assembly. The top cover plate provided a 
smooth and flat surface for sealing to the fluidic laminates while housing the optical components. 
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In the opto-fluidic interface light is focused onto the flow boundary layer of the power jet in a 
lamin ar proportional amplifier. This interface has produced a larger fluidic response than previous 
opto-acoustic interfaces and can be operated from dc to 100 Hz without appreciable signal loss. This 
optical actuator system successfully demonstrated that the OFI can be combined with fluidic 
amplifiers to build an actuator system. 
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Figure 4.0-1. — The UTRC optical servovalve complements the electro-optic 
sensor architecture. 











Figure 4.0-2. —Double redundant; push/pull opto-fluldlc system. 




5.0 SYSTEM DEVELOPMENT RECOMMENDATIONS 

Analysis of the candidate electro-optic interfaces concluded that a flight demonstration/valida- 
tion is needed to determine preferred optical modulation methods for an optimal electro-optic 
architecture. Such a program would provide more realistic on-engine performance data and may 
reveal discriminators to guide the selection of a preferred architecture. This section describes a 
configuration of the electro-optic sensor interfaces that is suited to a flight test program. The purpose 
of the program is to design, fabricate, and test an electro-optic architecture (EOA) and integrated it 
with a set of representative sensors for the propulsion control system in a military aircraft The 
recommended architecture is an on-engine EEC which contains electro-optic interface circuits for 
fiber-optic sensors on the engine. These circuits would feature passive optical multiplex of groups of 
sensors through a common electro-optic interface. 

An attractive configuration for the flight test is a generic, modular testbed which will provide for 
evaluation of a number of different electro-optic interface technologies and is suitable for installation 
on the aircraft test platforms. A block diagram of such a system is shown in figure 5.0-1. The testbed 
would consist of an engine mountable electronic enclosure containing microprocessor, power supply, 
fiber-optic data bus interface, and electro-optical interface boards. The microprocessor would be 
programmed to acquire and analyze sensor data. The fiber-optic data bus would provide a link to the 
integrated flight/propulsion control system. An illustration of the engine mountable unit is shown m 
figure 5.0-2. 

A single electro-optic board would acquire all of the sensor values in one of the groups in Ihble 
2.4-1. Boards would be procured for each of the seven sensor groups: Self luminous interface. High 
temperature interface, Low temperature interface, Speed and flow interface. Vibration interface. 
Pressure interface, and Position interfaces. These circuit boards would all be fabricated to common 
electrical, mechanical, and optical interface specifications to allow interchangeability. Figure 5.0-3 
illustrates a generic specification for an electro-optic circuit board. 

Following are relevant documents, typical design requirements, typical environmental data, and 
typical reliability goals for the demonstration optical sensor and opto-electrical interface electronics. 
These requirements are supplied as a general guide only. It is suggested that the suppliers of sensors 
and electro-optic interface boards be familiar with the following government and industry documents 
as they pertain to aircraft engine control hardware: 


VS. GOVERNMENT DOCUMENTS: 


KOL-E— 5007D 
MIL-B-5087B 

MIL-L-7808 

MIL-L-236998-2 

MIL-C-38999H 


Engine, Aircraft, Tbrbojet and Tbrbofan, General Specifications for 

Bonding, Electrical, and Lightning Protection for 
With Amend 1 Aerospace Systems 

Lubricating Oil, Aircraft Tbrbine engine. Synthetic 

Lubricating Oil, Aircraft TUrbine Engine, Synthetic 

Electrical Connectors For Severe Environment 
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MEL-T-29504/4 

MIL-T-5624L 

MIL-STD-461B 

MIL-STD-462 

MIL-STD-704B 

MIL-STD-785A 

MIL-STD-810C 

MIL-HDBK-235-1 


Tfermini, Fiber Optic, Pin Tknninus (Preliminary) 

TUrbine fuel, aviation: Grades JP-4 and JP-5 

Electromagnetic Interference Characteristics, Requirements for 
Equipment 

Electromagnetic Interference Characteristics, 

With Notice 1 Measurements of 

Electrical Power, Aircraft, Characteristics and Utilization of 

Reliability Program for Systems and Equipment, Development and 
Production 

Environmental list Methods 

Electromagnetic (Radiated) Environment considerations for Design and 
Procurement of Electrical and Electronic Equipment - Part 1 


INDUSTRY DOCUMENTS: 


D6- 16050-2 
D6-44588N 

WZZ7000 
RTCA D0160B 


Electromagnetic Interference (The Boeing Company) 

Electrical Requirements for Utilization Equipment Installed on 
Commercial Hansport Airplanes (The Boeing Company) 

(Douglas Aircraft) 

Environmental Condition and Tfest Procedures for Airborne Electronic/ 
Electrical Equipment and Instruments (Radio Ifechnical C omm ission for 
Aeronautics) 


The general design objectives for the demonstration hardware are low weight, high reliability, 
simple design, low cost, and minimum size. The hardware will be required to meet specific 
requirements for sensor performance, as well as optical, electronic, and mechanical interfacing within 
the Mi ging control system. The sensors and electro-optic circuit boards should be designed in 
accor dant with the general requirements of MIL-E-5007. 


Each sensor should provide a digital representation of the measured parameter. The digital data 
output refresh rate should be faster than or equal to values in Thble 21-1 The response time of the 
should h* less than 1/3 that shown in Ihbie 21-1. The interface board 

elec tric?* connector and voltages available at the connector will be specified. The interface board 
electrical power requirement should be specified by the sensor vendor. 

The electro-optic interface board will be mounted in, and interfaced to, an engine mountable 
enclosure. The electro-optical interface board should not exceed specified dimensions. The board 
should mount via a flange around its edges using screws of size, number, and location, as specified. 
The weight of each proposed sensor design should be minimized. The electro-optic interface board 
weight should not exceed 1.0 lbs. The board should be designed for engine mounting on vibration 
isolators. The unit would he air cooled by natural convection. 
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Ambient light effects due to pick-up in fibers and connectors must be negligible. 

The sensors should be electromagnetically in compliance with MIL-B-5087B, MIL-STD-461B, 
MILr-STD-462 and MIL-HDBK-235-1. The vendor would be responsible for determining the 
interface board EMI criteria to insure sensor interface board and EEC compatibility. The optical 
sensor system should also comply with the requirements of specifications WZZ7000, D6- 16050-2, and 
D6-44588N. 

The demonstration sensors should be capable of operating throughout the ambient temperature 
range of -55 degrees C to 180 degrees C. Suppliers should indicate the m axi m u m temperature 
capability of proposed sensor and the source of this limit. The flight ambient temperature for most 
sensors is expected to be 55 to 260 degrees C, with fifteen minute excursions to 290 degrees C. The 
sensor interface electronics must be designed to operate through the range of EEC temperatures: from 
-55 degrees C to 125 degrees C. It must operate in this range for ambient pressures between 2 and 20 
PSIA. 

The sensors should be compatible with the following fluids: Fuels - MIL-T-5624L, grades JP4 
and JP5; Oils - MIL-L-236998-2, Chlorotrifluoroethylene (CTFE). 

Tests should be performed on each sensor system to ensure compliance with the performance 
specification. Suppliers should recommend specific procedures or analysis for design verification, 
environment compatibility, reliability, and endurance tests. Environmental stress screening should 
include’ electromagnetic compatibility and lightning protection test; thermal cycling; vibration test; 
operational shocks test; crash safety shocks test; explosion proof test; humidity test; and fungus test 
per MEL-STD-454. 

After completion of the certification tests the units should be completely disassembled to the 
subassembly level for examination of all parts. Measurements should be taken as necessary to disclose 
excessively worn, distorted or weakened parts. These measurements should be compared with the 
applicable drawings, dimensions and tolerances or with similar measurements made prior to the tests. 
After completion of the tests a final report should be provided. 

The fully developed flight reliability of the sensor should be a Mean Time Between Failure 
(MTBF) of 30,000 hours at a maturity of 20,000 flight hours, and 90,000 hours at a maturity of one 
million flight hours. MTBF is defined as flight hours divided by the total number of sensor failures. 
The service life of the sensor should be 10,000 hours, indicating approximately 8,000 flight hours. 


67 


NACELLE WALL 



SENSOR GROUP 1 


Flour* 5.0*1. — A configuration for the FOCSI II t*stb*d would consist of sn engine* 
mountable enclosure containing a power supply (PS), microprocessor 
(uP), fiber-optic data bus, and electro-optic Interface boards. 
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Figure 5.0*2. — Electro-optic Interface boards will be mounted In an engine mountable 
enclosure. 
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Figure 5.0-3. — Electro-optic interface boards would be fabricated to common 
electrical, mechanical, and optical interface specifications. 
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6.0 CRITICAL COMPONENT DEVELOPMENT NEEDS 


Accelerated development of electro-optic components is required to meet the sire and 
environmental requirements for the electro-optic architecture in propulsion control systems. Five 
areas of technology must be addressed: optical sources, optoelectronic device integration and 
packaging, optical switches, fiber-optic component reliability, and interface standards. 

The FOCSI program concluded that optical cable, connectors, and fiber-optic sensors are now 
available for EOA development. The FOCSI cable and connector hardware were presented in Section 
3.2, figure 3.2-1. Evaluation of this hardware in long term exposure to the engine environment is still 
required. 

In the area of optical sources, development should address increased optical power for all 
applications, broader spectra for WDM systems, and lasers for operation at 125 C. 

In the area of optoelectronic device integration and packaging, the outstanding need for further 
EOA development is for pigtailed functional modules for key EOA interface functions. As stated in 
Section 333 on the subject of size, maximum utilization of hybrid optoelectronic packaging and 
monolithic integrated electronic circuit arrays will be required to produce electro-optic nxrfaces that 
fit within the confines of the EEC enclosure. These components will be in the form of 
multi— application, general purpose pigtailed functional modules (PFM) to ease electrical and 
mechanical design. 

Three module designs are proposed: a broadband optical source module, a WDM receiver 
module, and a dual LED TDM pulse transmitter. These modules will perform the fiber-optic sensor 
excitation and detection functions in the EOA. These functions will allow optical multiplex to interface 
multiple optic sensors to the EEC processor. The broadband optical source module includes an LED 
array, current source drive, and optical feedback circuits. This component will provide the 2 ji.W/nm 
optical power density over the 200 nm wavelength range required for the WDM EOA discussed in 
Section 33. The WDM receiver module consists of a PIN photodiode array, analog multiplexer, and 
A/D converter. The WDM receiver will detect the optical signals in the ten spectral bands for the 
WDM EOAs discussed in Section 3.2. The TDM transmitter module consists of two LEDs with high 
speed pulse circuits. This component will produce the narrow, high intensity pulses required for the 
TDM EOA presented in Section 3.2. 

Optical switches for the EOA were described in Section 333. Presently available optical switch 
technology does not satisfy system requirements. Improvements in loss, speed, wavelength sensitivity, 
and environmental capabilities are needed. 

As stated in Sections 33.4 and 33.6 (on optical power budgets and reliability respectively), the 
performance of optical components (e.g. optical power levels, spectral properties, noise levels, optical 
loss, and failure rates) must be maintained over the environment In particular, the performance 
models used for the electro-optic architecture require that over the lifetime (typically on the order of 
10,000 hours) and the environment the following conditions must be maintained: 
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Optical source power must not drift more three decibels. 

Optical spectra must not drift more than SO nm. 

Receiver noise levels must not drift more than one decibel. 

Optical link loss must not drift by more than three decibels. 

Failure rate of an interface circuit must be less than 4xl0^/hour. 

For each of the electro-optic designs an optical interface specification must be provided to 
insure compatibility in fiber sizes, connectors, optical power levels, and optical spectral 
characteristics. Each specification must indicate the sensors to which that interface is applicable, 
properties of the optical source (optical power, spectral components), properties of the receiver 
(sensitivity, bandwidth, timing, spectral filtering), and properties of the sensor (loss, delays). 

Standard interfaces will be required also for economical design of future aircraft systems 
employing optical sensors. These standards would allow a modular system architecture providing 
greater flexibility in design, upgrades, and maintenance. The basic interface specifications would 
include waveguide parameters (such as core size and numerical aperture), wavelengths, optical power 
levels, and component losses. If a common TDM interface is to be used for a variety of sensors, then a 
common time delay standard and pulse waveform must be set. If WDM is to be used with a variety of 
sensors, then realistic standard wavelength bands need to be specified. In either case the fundamental 
link characteristics: core diameter, numerical aperture, and loss must be specified. The five 
multimode, passive fiber-optic sensor types can be covered by four general specifications: Optical 
interconnect. Spectral properties. Tune domain properties, and Sensor insertion loss. 

It must be noted here that it is presently very difficult to impose common standards on producers 
of fiber-optic sensors. This is true for two reasons: (1) Many sensor designs have been optimized for a 
specific fiber type (e.g. 50/85, 50/125, or 200/230 in particular cases) so producers may claim their 
design cannot be made compatible with common interface using a standard fiber size (e.g. 100/140); 
and (2) some producers do not wish to sell fiber-optic sensors separately from their electro-optic 
circuits because proprietary signal processing or electro-optic components are used or sale of the 
complete system is more profitable. 

Standards for optical fiber sensors have been discussed in industry committees. A white paper 
^itiining areas requiring standardization in TDM and WDM sensor interfaces was presented to a 
meeting of interested industry specialists. Comments were received and the drafts were revised 
accordingly. The revised drafts will be presented to the SAE AS3 Fiber-Optics committee sensor task 
group. A desire for a rational selection of a standard fiber for aircraft was expressed by most, though 
there were some feelings that it is too early to standardize the fiber size. Instead, fiber types may be 
specific to the application. Also, standard optical measurement techniques are needed: e.g. optical 
power and loss in short links and optical signal to noise ratios. 

The commercial aircraft and engine companies are presently seeking standards for a fiber-optic 
Interfax between the engine control and the airframe. For example, environmental requirements, 
fiber sizes, and connector types to implement optic data bus and throttle position sensing are needed. 
Also needed are recommended practices for testing and installation. 
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APPENDIX A. 

VENDOR INFORMATION REQUEST 

This attachment describes technical data requested by the United Tfechnologies Research Center 
(UTRC) for NASA Contract NAS3-25343 to design an optimal architecture for electro-optical 
tensing and control in advanced aircraft and space systems. The propulsion system Full Authority 
Digital Electronic Control (FADEC) will be the focus for the study. Consideration of this system 

provides a concrete example for evaluation of a variety of sensors and multiplexing techniques. Unlike 

earlier studies, the emphasis of this program will be on the FADEC interface design rather than on the 
transducer technology itself. 

The program will evaluate a variety of electro-optic architectures and complete a conceptual 
design of an all-optic aircraft propulsion control system by: (1) establishing criteria for the 
comparative evaluation of various optic architectures; (2) identifying and characterizing candidate 
optic systems in a trade study matrix format; then (3) performing a evaluation of the impact of the 
selected system on the control. 

Designs for candidate fiber optic systems for measurement of the parameters listed in the 
attached Thble A.1 are required f or item (2) above. The accuracy and operating environment for the 
sensois are as shown in the table. The sensor interface electronics, including the optical sources, 
detectors, and filters must operate on a heat sink temperature ranging from -54 to 125 C. The designs 
should reflect the state-of-the art forecast for the late 1990’s. 

In addition to a system block diagram and general description, the design reports should include 
the following 17 items: 

1. Types of sensors: Which of the sensors listed in Thble A.1 can be accommodated in 

the design? Which cannot? What optical sensing mechanism is employed for each 
quantity? 

2. Signal compensation or calibration : Is the sensing mechanism digital or analog? If 
analog, then what compensation or referencing method is employed? 

3. Number of channels: How many sensors can share a single optical source or 
receiver? 

4. Number of distinct sources: How many optical sources, light emitting diodes or laser 
diodes, are required to service all of the sensors shown in Thble A.1? 

5. Number of detectors-. How many optical detectors are required to service all of the 
sensors shown in Table A.1? 

6. Number of fibers: How many parallel optical fibers are required to service all of the 
sensors shown in Thble A.1? 
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7. HO pincount. How many optical connector contacts are required to connect the FA- 
DEC to the optic sensors? 

8. Optical power margin : What is the optical power level of each source in the design? 
What is the receiver noise level? What are the sensor and link losses? 

9. Signal processing time: How much time is required for the electronic interface to 
compute the sensor value? What is the bandwidth of the analog portion of the re- 
ceiver? 

10. Complexity. How many circuit elements (transistors, amplifiers, logic elements) are 
in the electronic interface? 

11. Electrical power consumption : How many watts of electrical power are required for 
the interface circuitry? 

12. I/O circuit area: Estimate the circuit board area required for the electro-optic inter- 
face. Specify where electro-optic hybrids or custom monolithic integrated circuits 
could be used to minimiaa the size of the interface. 

13. Weight. Estimate the weight of the electro-optic interface and the fiber optic cable 
in the system. 

14. Reliability. Estimate the mean time to failure of the electro-optic interface based on 
the number of electronic circuit elements and electio-optic components. 

15. Redundancy. How would redundancy be implemented for the sensor network? 

16. Maintainability When the system fails, how are faults isolated? What components 
would be repaired or replaced? 

17. Availability or development schedule: Are all of the components in the system avail- 
able today in flight qualify? What components are lacking? What new develop- 
ments are needed for this design? 
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TABLE A.l - FADEC SENSOR SET WITH UNIFORM 
TEMPERATURE SPECIFICATIONS 


Number of 
Sensors 


5 

2 

1 

1 

4 

1 

1 


1 


3 

3 


1 

1 

1 

1 

1 

1 

1 

1 


2 



Update 



Ambient 

Measurement 

Time Accuracy 

Range 

Linear position 

5 ms 

_±_ 036 cm 

0to36cm 

-54 to 200 C 

Linear position 

10 ms 

±_ 026 cm 

04o 26 cm 

-54 to 200 C 

Linear position 

5 ms 

_±_ 0.18 cm 

0 to 18 cm 

-54 to 200 C 

Linear position 

10 ms 

±_ 0.09 cm 

0 to 9 cm 

-54 to 200 C 

Linear position 

5 ms 

_±_ 0.05 cm 

0to5cm 

-54 to 200 C 

Linear position 

10 ms 

±_ 0.05 cm 

0to5 cm 

-54 to 200 C 

Rotary position 

10 ms 

_±_ 02 deg 

0 to 130 deg 

-54 to 200 C 

Gas temperature 

120ms 

±2C 

-54 to 260 C 

-54 to 200 C 

Gas temperature 

20 ms 

±.nc 

Oto 1500 C 

0 to 350 C 

Fuel temperature 
Tiirbine blade 

120 ms 

jL3C 

-54 to 180 C 

-54 to 200 C 

temperature 

20 ms 

±.10C 

500 to 1500 C 

-54 to 350 C 

Light off detector 

20 ms 

±5% 

< 290 nm 

(optical wavelength) 

-54 to 350 C 

Fuel flow 

10 ms 

±_ 100 kg/hr 

200 to 6000 kg/hr. 

-54 to 200 C 

Fuel flow 

40 ms 

±_ 100 kg/hr 

5000 to 16000 kg/hr. 
(1 inch diameter) 

-54 to 200 C 

Gas pressure 

10 ms 

Jl 4.0 kPa 

7 to 830 kPa 

-54 to 350 C 

Gas pressure 

120 ms 

±. 1.0 kPa 

7 to 280 kPa 

-54 to 200 C 

Gas pressure 

10 ms 

.±.40 kPa 

35 to 5000 kPa 

-54 to 350 C 

Hydraulic pressure 

40 ms 

±_ 40 kPa 

500 to 8000 kPa 

-54 to 200 C 

Fuel pressure 

120 ms 

i40 kPa 

0 to 690 kPa 

-54 to 200 C 

Rotary speed 

10 ms 

±_ 7 rpm 

650 to 16000 rpm 

-54 to 200 C 

Rotary speed 

10 ms 

_±_ 7 rpm 

1600 to 19000 rpm 

-54 to 200 C 

Vibration 

120 ms 

±.25 g 

0to50g 
(10 Hz to 1 kHz) 

-54 to 350 C 

Fluid Level 

120 ms 

±2% 
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SECTION 1 


INTRODUCTION 


Use of fly-by-wire systems in aircraft to monitor and control the propulsion and flight, has 
been reco gnize d to limit the performance, maneuverability and safety of the aircraft in a 
flight critical application. Lighting, EMI and EMP (electromagnetic effects) affect the 
electrical signals in the sensor, electronic control units (ECU) and/or the signal 
transmission on the electrical wiring between the sensor and the ECU. Interference 
induced in the signals by the electromagnetic effects can lead to inappropriate control 
system response or catastrophic failure of the control system. The EMI and EMP problems 
are exacerbated in aircraft whose structures are fabricated with advanced composite 
materi als that have poor electrical insulation properties. Such systems may be shielded 
from li ghting , EMI and EMP by using metallic enclosures and braided wire mesh to 
enclose them in an electromagnetically sealed envelope. However, electromagnetic 
shielding of wiring, sensors and ECU adds weight and bulk to the control system and 
therefore does not offer any advantage. 

In an effort to improve this situation, NASA Lewis Research Center has planned a study to 
implement fiber-optics in advanced aircrafts that provides advantages not realized in a 
conventional system architecture. This technology will allow complete replacement of the 
fly-by-wire system by a fly-by-light one. Introduction of fiber-optic data links and 
multiplexed optic-sensor arrays will provide reduction in harness and system weight, system 
size and added advantage of high temperature capability, wide bandwidth, immun ity to 
EMI, EMP and RFI. 

Teledyne Ryan Electronics (TRE), under subcontract to United Technologies have studied 
Time Division Multiplexing (TDM) techniques as applied to the fiber-optic sensors and 
electro-optic (EO) system architecture. A description of the optimum EO architecture to 
multiplex 43 sensors is provided based on the most promising TDM scheme of the three 
TDM schemes studied. In Section 2, the standard (EO) sensor system architecture is 
described using six separate system interfaces. In Section 3, six common optical sensing 
concepts are identified and described to group 43 sensors. Section 4 provides the 
description of primarily two of the six interfaces required followed by a description of the 
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three TDM schemes in Section 5. In Section 6, a brief description of the seventeen items 
per UTRC request is provided along with references in Section 7. 
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SECTION 2 


ELECTRO-OPTIC SENSOR SYSTEM ARCHITECTURE OVERVIEW 

Figure 2-1 shows a block diagram of the sensor system electro-optical architecture that may 
be used to service all 43 sensors listed in Table 2-1 using time division multiplexing (TDM). 
The architecture contains the circuitry necessary to interrogate each sensor process and 
translate the data as required, store the data, send the data to the host system and control 
the operation of the entire interface. 

The group of 43 sensors are separated into six sub-groups according the type of processing 
required for that sensing concept. Each of the six sub-groups has separate transmitters, 
receivers and a data preprocessing section to perform data conversion and/or averaging so 
that the data presented to the controller is in a common parallel, digital format Due to the 
speed of the interrogation cycle for some of the sensor types it is advantageous to 
incorporate some discrete data preprocessing in separate circuitry in each of the six 
interface subsections. The preprocessing includes averaging of the data over several 
samples or some specific time duration in the case of the frequency measurement and 
conversion of the data from one format to another. The sensor measurement concepts, 
interface configurations and operation of each of the six types of interface sections are 
described in a later section of this report 

As mentioned above, six interface sections are required to address the six subgroups of 
sensors. For the digital sensors such as the linear, rotary and fluid level (incorporates a 
position sensor with bellows) one common interface is allocated to multiplex 21 of these 
sensors. All of these sensors utilize a digital code scale and fiber optic delay lines to create 
a serial digital code that represents the position of the code scale. This concept has been 
demonstrated on the Advanced Digital Optical Control System (ADOCS) program that 
TRE has been involved in for the past six years. Thirty sensors using this concept have 
been flight tested in a helicopter flight control system with a total flight time of over 500 
hours. 

Pressure and fluid flow sensors that employ the microbend measurement concept are 
combined on a second analog interface section. The microbend measurement concept has 
been used widely and prototypes of pressure, vibration and other sensors have been tested 
an d demonstrated for high temperature applications. 


2-1 



Figure 2-1. Sensor System Electro-Optic Interface Block Diagram 


















Table 2-1. FADEC Sensor Set with Uniform Temperature Specifications 


Number of 

Update 







Sensors Measurement 

Time 

Accuracy. 

Range 

Ambient 


4 

Linear . position 

5 ms 

4 /- 0.36 cm 

0 to 36 cm 

-54 

to 

200 

C 

2 

Linear position 

10 ms 

♦/- 0.26 cm 

0 to 26 cm 

-54 

to 

200 

C 

4 

Linear position 

5 ms 

4 /- 0.16 cm 

0 to 16 cm 

-54 

to 

200 

C 

2 

Linear position 

10 ms 

4 /- 0.09 cm 

0 to 9 cm 

-54 

to 

200 

C 

5 

Linear position 

5 ms 

4 /- 0.05 cm 

0 to 5 cm 

-54 

to 

200 

C 

2 

Linear position 

10 ms 

4 /- 0.05 cm 

0 to 5 cm 

-54 

to 

200 

C 

1 

Rotary position 

10 ms 

4 /- 0.2 deg 

0 to 130 deg 

-54 

to 

200 

C 

1 

Gas temperature 

120 ms 

4 /- 2 C 

-54 to 260 C 

-54 

to 

200 

C 

4 

Gas temperature 

20 ms 

4/-U C 

0 to 1500 C 

0 

to 

350 

C 

1 

Fuel temperature 

120 ms 

4 /- 3 C 

-54 to 180 C 

-54 

to 

200 

C 

1 

Turbine blade 









temperature 

20 ms 

4 /-IO C 500 to 1500 C 

-54 

to 

350 

c 

1 

Light off detector 

20 ms 

4/-5 X 

< 290 nm 

-54 

to 

350 

c 




(optical vavelength) 




3 

Fuel flov 

10 ms,*/- 

-100 kg/hr, 200 

to 6000 kg/hr , 

-54 

to 

200 

c 

3 

Fuel flov 

40 ms, 4/- 

-100kg/hr f 5000 

to 16000 kg/hr, 

,-54 

to 

200 

c 



* 

(1 inch diameter) 





1 

Gas pressure 

10 ms 

4/-4.0 kPa 

7 to 830 kPa 

-54 

to 

350 

c 

1 

Gas pressure 

120 ms 

4/-1.0 kPa 

7 to 280 kPa 

-54 

to 

200 

c 

1 

Gas pressure 

10 ms 

4/-40 kPa 

35 to 5000 kPa 

-54 

to 

350 

c 

1 

Hydraulic pressure 

40 ms 

♦/ -40 kPa 500 to 8000 kPa 

-54 

to 

200 

c 

1 

Fuel pressure 

120 ms 

4/-40 kPa 

0 to 690 kPa 

-54 

to 

200 

c 

1 

Rotary speed 

10 ms 

4 /- 7 rpm 650 to 16000 rpm 

-54 

to 

200 

c 

1 

Rotary- speed 

10 ms 

4 /- 7 rpm 1600 to 19000 rpm 

-54 

to 

200 

c 

1 

Vibration 

120 ms 

4 /- 2.5g 

0 to 50 g 

-54 

to 

350 

c 




(10 Bz to 1 kHz) 





1 

Fluid level 

120 ms 

4/-2X 

0 to 15 cm 

-54 

to 

200 

c 
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The temperature sensors that use the absorption concept may be designed in to a veiy 
similar optical configuration compared to the microbend sensors. The return signals and 
the processing required is sufficiently similar that these may be multiplexed into the same 
interface section. These sensors are designed using the concept of light absorption in 
material which has a well defined temperature dependence. The light amplitude returned 
to the interface is measured and converted to a digital word that represents the 
temperature. 

The turbine blade temperature sensor, which is based on a noncontact measurement 
technique, is used for the turbine blade section. This sensor monitors the blackbody 
radiation from the turbine blades at two closely spaced wavelengths and from the ratio of 
the amplitudes at these two wavelengths the temperature is determined. Since the 
radiation being monitored is continuous and the processing required is unique, this sensor 
cannot be multiplexed with others. Therefore, a separate interface is required for this 
sensor. 

The light off detector uses a measurement technique that monitors a continuous source of 
radiation to determine when it has exceeded a predetermined level. Periodically a 
reference signal is sent to the sensor and a portion of this signal is reflected back to the 
interface. This reflected return signal is used to calibrate the sensor. The interface 
measures the target radiation level and compares it to the return reference level. Since the 
radiation source being monitored for this sensor is also continuous and the processing 
unique, it also cannot be multiplexed with other sensors. 

The vibration sensor is also a continuous measurement system. The sensor is a microbend 
accelerometer in which one of the microbend gratings is fixed and the other acts as an 
inertial mass which moves with applied acceleration. The light transmission through the 
fiber is modulated at the rate of the applied acceleration. The processing of the output 
data depends on the type of information required at the output of the sensor interface. If 
the nns value of the acceleration over the frequency range of interest is required then the 
processing is relatively simple. If a data set is required which gives the acceleration 
amplitude as a function of frequency, then an FFT processor is used in the interface design. 
This should be feasible within the bounds of a single circuit card of moderate size. 

The rotary speed sensors use an optical reflective light chopper to monitor the speed of 
rotating shafts. The processing required for these two sensors is to count the pulse 
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frequencies over the data update time interval Further study is required to determine if 
they can be time multiplexed into a single receiver and frequent counter. 

Figure 2-2 shows a timing diagram of the sensor interrogation sequence. The group of 43 
sensors is divided into six subgroups according to the data update time required for each 
sensor. The sensor interrogation process is divided into frames of 120 ms each. E a ch 
frame is divided into 12 subframes of 5 ms each. During each subframe the sensor group 
with the update period requirement less than or equal to the update period for that sensor 
group is interrogated. 

The interrogation of the digital and analog sensor types shown in Figure 2-1 is performed 
sequentially with relatively short sample times. The interrogation of the temperature and 
frequency measurement types may use sample times that are longer than the 5 ms. This 
means that the sampling of these sensors may be done concurrently with the sampling of 
other sensors in other groups. For the most efficient use of the circuitry the sensors 
within each of the sensor groups should be completely multiplexed or sequentially 
sampled using as much common circuitry as possible. 
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Figure 2-2. Sensor Interrogation Timing Diagram 
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SECTION 3 


OPTICAL SENSING CONCEPTS 


The list of sensors in the data requirements package of UTRC may be designed using six 
optical sensing concepts. Table 3-1 summarizes the types of sensors and the corresponding 
mechanism used to perform the measurement 


Table 3-1. Types of Sensors 


Sensor 

No. of Sensors 

Specific Concept 

Position 

20 

(1) Gray-code/Digital Optical TDM 

Temperature 

6 

(2) Absorption/fluorescence 


1 

(3) Black-body radiation 

Light Off 

1 

(4) Digital Optical TDM 

Fuel Flow 

6 

(2) Ap sensor/vortex shedding frequency 
with microbend sensor 

Pressure 

5 

(2) Microbend sensor/amplitude 

Rotary Speed 

2 

(5) Rotor Reflection Frequency 

Vibration 

1 

(6) Microbend Accelerometer 

Fluid Level 

1 

(1) Bellows + Position Sensor (Digital TDM) 
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DIGITAL OPTI CAL TIME DIVISION MULTIPL 




G fTPMl CONCEPT 


The digital optical TDM method of measuring position has been demonstrated on the 
ADOCS program and a second generation of such a transducer is being developed at TRE 
under the Advanced Optical Position Transducer (AOFT) program sponsored by the U.S 


Army. 


The measurement method may be described by referring to Figure 3-1. The Figure shows 
a reflective digital code scale with a linear array of fibers used to interrogate the code scale. 
Each of the fibers in the array or read head is connected through a delay line to the 
interconnect cable. The electro-optical interface at the other end of the cable contains a 
transmitter and receiver. The transmitter produces an interrogation pulse about 20 ns wide 
which is coupled to the transducer through the interconnect cable. Each successive delay 
line in the transducer is progressively delayed by an amount sufficient to provide a round 
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trip delay time of 20 ns, which is the width of the interrogation. pulse. In this manner, a 
single interrogation pulse 20 ns wide generates a serial pulse train that represents the state 
of each data bit on the code scale by a unique time cell. 
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CLOCK 



RECEIVER 


DIGITAL OUTPUT 



(SERIAL) 


Figure 3-1. Digital Displacement Transducer Element with Reflective Gray-Code Scale 

Figure 3-2 shows the tuning sequence for the interrogation operation. The received signal 
on the second line shows Fresnel reflections from connectors, followed by the signals from 
the digital code scale in the transducer. The first bit to return is always high and is used for 
an amplitude and timing reference in the recovery of the data bits. 

22 ANALOG MIC ROBEND CONCEPT 

Figure 3-3 shows an illustration of the analog microbend concept which may be used for 
measuring sm al l displacements of diaphragm and beams. A fiber is placed between two 
complementary gratings which is displaced as the gratings are moved closer together. The 
displacement of the fiber causes bending that exhibits excess optical loss that is a well 
defined function of the displacement This method of sensing displacement has been well 
documented in the literature^) and has been used in the industry for pressure, flow and 
acceleration measurements. 
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Figure 3-2. Digital Optical TDM Sensor System Timing Diagram 
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Figure 3-3. Schematic Representation of Microbending Sensor 

Figure 3-4 shows the complete fiber-optic circuit of a microbend sensor. Two mirrored 
fiber ends are used to give reflected signals back to the electro- optical interface. One 
delay line is placed in the common path for the two reflections to separate the first mirror 
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Figure 3-4 shows the complete fiber-optic circuit of a microbend sensor. Two mirrored 
fiber ends are used to give reflected signals back to the electro* optical interface. One 
delay line is placed in the common path for the two reflections to separate the first mirror 
reflection in time from the connector reflections. A second fiber is routed through the 
microbend gratings and a second delay line to the second mirrored end. The first reflection 
provides a timing and amplitude reference and the second reflection provides a measure of 
the attenuation due to displacement through the gratings. 

Figure 3*5 shows the timing diagram of the interrogation cyde. A transmit pulse of 100 ns 
duration is used which requires a receiver bandwidth of about 10 MHz. The third line 
shows the two return signals for the reference pulse and the measurement pulse. During 
processing, gates sample the amplitudes of the two pulses from which the grating 
displacement is calculated. 



Figure 3-4. Time Division Multiplexed Microbending Optical Tr ansd ucer 
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Figure 3-5. Signal Timing Diagram for Microbending Transducer 
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33 BLACK-BODY RADIATION MEASUREMENT CONCEPT 

Figure 3-6 shows the Black-Body Radiation measurement concept which may be used in 
two modes of operation. The mode more suitable for the turbine temperature application 
is the non-contact type where the sensor is brought in proximity of the turbine. Using 
optical imaging radiation from the turbine blade is collected and transported via an optical 
fiber light chopper to electro-optic unit where it is detected processed and formatted. 
Details on the description are provided in reference (2). 

Because of the nature of the sensing concept, this sensor cannot be multiplexed. However, 
several such sensors could be operated from a common electro-optic unit, but at the 
expense of bigger interface volume. 
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Figure 3-6. Fiber Optic Temperature Sensor System 
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3*4 LIGHT-OFF DETECTOR CONCEPT 

Figure 3-7 shows a block diagram and timing diagram for the light-off detector. Since this 
sensor is always active and (light coming in from the object that is being monitored), it 
needs to be calibrated only occasionally. The calibration is performed by w»Hin £ a 
reference light pulse to the sensor which is reflected back to the in ^f farr f rom the 
reference.mirTor. This return pulse is used to calibrate the fiber optic link to the sensor 
and compensate for variations in the link losses. The amplitude of the light being emitted 
from the object may then be precisely measured and compared to a predeter mined level. 
A measurement higher than a threshold level indicates that the light is on. 

This measurement concept is sufficiently different from the others to preclude 
multiplexing it with any other sensor proposed in this report It is possible to multiplex 
this sensor with others of the same type, but separate receiver preamplifiers must be used 
with each sensor with electrical switching at the output of the preamplifiers. 
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Figure 3.7 Block Diagram and Timing Diagram for Light Off Detector 
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3.5 ROTARY SPEE D SENSOR CONCEPT 

Figure 3-8 shows a system block diagram of a sub-system with -two speed sensors. The 
principle used for determining speed is to modulate the light amplitude in the sensor at a 
rate directly proportional to the speed of the shaft being monitored. The processor 
measures this frequency of the modulation and calcu l a t es the rotary speed. 

Another approach that is currently under development at TOE can also be used to 
measure the gasifier turbine speed of an engine. In this approach the pressure 
fluctuations frequency at the trailing edge of the turbine blades is measured by a 
microbend modulator through a diaphragm. This approach is suitable for applications 
where the sensor service temperature requirements exceed 200°G Therefore, this 
technique is not recommended for this application. 
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Figure 3-8. System Block Diagram for Frequency Measurment Sensors with No 

Multiplexing 
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The light amplitude modulation technique that is used in the proposed sensor is shown in 
Figure 3-9. Two fibers are focused onto a disk coupled to the shaft being monitored The 
disk has alternating reflective and non-reflective areas that pass under the two fibers. 
When a reflective area is under the fibers, light is coupled from the input fiber. This 
system forms a reflective optical chopper. 


LENSES 



Figure 3-9. Conceptual Diagram of Optical Rotary Speed Sensor 

Several signal processing methods are considered for measuring speed The simplest is a 
digital counter which simply counts the pulses generated as a result of reflective and non- 
reflective areas. This processor requires the highest signal-to-noise ratio of all the 
processors considered. For the optical chopper type of sensor this processor should be 
adequate. 

The second type of processor that may be considered for measuring speed is a tracking 
filter such as a phase locked loop matched to the signal bandwidth and dynamics, 
followed by a counter. This has the advantage of being able to eliminate much of the 
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noise within the total receiver bandwidth required to accommodate the total frequency 
range of the incoming signal. The potential disadvantage of this system is the difficulty in 
identifying the appropriate signal from spurious signals with s i mil a r amplitudes in the 
frequency range of interest. 

A third type of processor that is being considered is an FFT processor. This is the most 
universal processor and provides the best performance since it may easily be programmed 
to adapt to a wide range of signal conditions. With current-technology it is also the most 
complex and largest in size. As the state-of-art in electronics changes, the level of 
integration and design of more complex digital signal processors will be feasible and it 
will be possible to build a programmable high speed FFT processor with very few 
components. The attractive feature of this system is that it provides much additional 
information on the status of the engine or system being monitored. 

A detailed system analysis needs to be performed to determine the feasibility of 
multiplexing the two sensors into a single receiver and frequency counter. If there is 
sufficient signal-to-noise ratio or contrast ratio and a sufficient number of pulses to 
determine the speed to the required accuracy in half of the update period then the 
multiplexing should be feasible. 

3.6 VIBRATION MF ASTTltFMENT CONCEPT 

Vibration may be measured using an accelerometer which employs a fiber-optic 
microbend sensor that measures the force required to accelerate a mass. The mass is 
mounted to a thin, wide beam and contains corrugations on its lower surface. The base of 
the accelerometer contains mating corrugations and a support for the ends of the beam. 
A fiber loop is clamped between the two sets of corrugations. Accelerations of the base 
a relative motion between the mass and the base, resulting in microbending and an 
intensity modulation of the optical power in the fiber loop. The accelerometer range and 
sensitivity are determined by the stiffness of the beam and by the quantity of mass 
mounted on the beam. These parameters can be adjusted to tailor the accelerometer to 
specific measurement requirements. A detail study on this matter is provided in 
reference (3). 
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SECTION 4 

ELECTRO -OPTICAL INTERFACE DESCRIPTION 


A total of six electro-optic interfaces are required to address the list of 43 sensors. 
Description of primarily two types, digital and analog interfaces which were e x a min ed at 
TRE are provided in this section. The rest four EO interfaces require additional 
evaluation and analysis and therefore, is beyond the scope of this work. 

4.1 DIGITAL OPT ICAL TDM SENSOR INTERFACE 

Figure 4-1 is a block diagram of the electronic interface for digital optical TDM sensors. 
This block diagram is representative of the functions required for aircraft sensor systems 
Grinding a dual interface to the host system. The main elements of this interface are as 
follows: 

1. Separate transmitter for each sensor 

2. Common receiver for a group of sensors 

3. Serial to parallel converter 

4. Digital data averager 

5. Gray to binary converter 

6. Two dual port memories for the host interface 

7. Transmitter sequencer 

8. Transmitter auto level control (ALC) circuit 

9. System controller 

Figure 4-2 shows a timing diagram of the sensor interrogation sequence. This timing 
diagr am shows a group of 24 sensors being interrogated in a sequence after a single start 
rammand is received from the host system. After receiving the start co mm a n d from the 
host system the controller selects the first sensor and sends a transmit pulse to that sensor. 
The received signal is shown on the second line from the bottom. The serial received 
signal is converted to parallel format then averaged in the digital averager. This data word 
interrogation cycle is repeated 32 times for each sensor before the data is converted to 
binary format and stored in the interface memory. The 32 sample averaging gives an 
improvement in the optical link sensitivity of about 13 dB. 


4-1 



















TRANSMITTED 

PULSE 



RECEIVED 
SIGNAL . 


RECEIVER 

BLANKING 


Figure 4-2. Transmitted and Encoded Reflected Signals in Time Division Multiplexed 

Optical Transducer 

42 ANALOG MICE OBEND SENSOR INTERFACE 

Figure 4-3 is a block diagram of the electronic interface for an analog microbend sensor 
system. The rnain elements of this interface are: 

1. System controller, data processor and interface 

2. Transmit timing controller 

3. One transmitter per sensor 

4. Receiver 

5. Sample and hold timer 

6. Two sample and hold circuits 

7. Analog data selector 

The block diagram shows that the essential difference from the digital system is the signal 
processing/data recovery section. Although the details are not shown here, the interface to 
the host system is identical to the interface for the digital sensor system including the dual 
data bus if required. Refer to the timing diagram in Figure 3-5 for this discussion of the 
operation of this system. A sensor channel is selected and a single transmit pulse is 
generated upon initiation of the interrogation process by command from the host system. 
The return signals consist of a reference signal and a measurement signal. The amplitude 
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of each of these signals is sampled and converted to digital format by the A/D converter 
and then read into the data processor. Since this transmit/receive cycle takes less than 500 
ns, this cycle is repeated 32 times and the amplitude date is averaged in the data processor 
to provide additional SNR margin. At the end of the interrogation of one sensor channel 
the next sensor is selected and the interrogation process is repeated for that sensor until all 
sensors have been interrogated. 



Figure 4-3. Block Diagram of Electronic Interface for Analog Microbend Sensors 
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SECTION 5 


TIME DIVISION MULTIPLEXING SCHEMES 


There are three sensor system multiplexing architectures that are considered for 
evaluation: The previous electro-optical interface descriptions are based on one of these 
three concepts but the operation of the interface is easily adapted to the other two methods 
by altering the method of selecting the individual sensors. 

5.1 SYSTEM CONCEPT A 

Figure 5-1 is a block diagram of a sensor system using the multiplexing concept with one 
common receiver for a group of sensors and a separate transmitter for each sensor. As 
described previously, the selection of the individual sensors is done by selecting the 
appropriate tr ansmi tter. The main advantage of this system is that it provides the most 
efficient use the available optical power. This will be discussed further in the section on 
the SNR budgets. 
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Figure 5-1. TDM Sensor System Using One Receiver with Multiple Transmitters 
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52 SYSTEM CONCEPT B 

figure 5-2 is a block diagram of a sensor system using one common transmitter and 
separate receivers for each sensor. The individual sensors are selected by selecting the 
appropriate receiver. The main advantage of this system is that only one optical 
tnmsmteer is required for a group of sensors. Optical sources in the past have been 
e^Knsiwe and major limiting factors in the system reliability. The reliability issues have 
been addressed and predicted lifetimes of >300 years for cw operation at 25 degrees C and 
17 greats at 80 degrees C have been reported^. Costs are still high but as production 
Cannes increase these should come down to a level of <$100 for a fiber pigtailed device. 
He major disadvantage of this configuration is that the optical source power must be split 
ham several paths which reduces the system SNR budget by the number of sensors 
mnfixipleaed from a single source. This is examined further in the discussion on the SNR 
Npt- 



figure 5-2. TDM Sensor System Using One Transmitter with Multiple Receivers 
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S3 SYSTEM CONCEPT C 

Figure 5-3 is a block diagram of a sensor multiplexing system using a single transmitter and 
a single receiver with an optical 1:N switching network. This system provides the minimum 
possible complexity but at this time cannot be considered practical since a high speed, 
irynitiin rvV optical switch is not available. The single mode waveguide switches that are 
presently available suffer high losses when coupled to multimode fibers because of core 
area mismatch. Current techniques for multimode switches such as liquid crystals, piezos, 
or mechanical fibeT displacement are too slow to be practical for these applications. 

A technology that shows promise for a 1:N optical switch network is the use of Multiple 
Quantum Well (MQW) electro-optic absorption switches coupled to laser cavities for 
optical am plifica tion that compensates the losses. This has been described in recent 
literature^ and it appears that both the switches and the amplifiers way be fabricated on a 
common substrate. Since this is a relatively new concept additional study is required to 
determine its ultimate feasibility, particularly with regard to the receive mode sensitivity 
an d a substantial development lead time should be anticipated. Figure 5-4 shows a block 
diagram of a switch network using this concept. 



Figure 5-3. TDM Sensor System Using One Transmitter, One Receiver and a 1:N Optical 

Switch Network 


5-3 




The receiver sensitivities used are taken from manufacturers data on monolithic 
GaAs receiver amplifiers coupled to 1300 nm detectors. The actual value may 
vary depending on factors such as the detector area required for a parti cular 
multiplexing configuration. The receiver sensitivity for the digital sensor is 
based on a bandwidth of 50 MHz and for the analog system 10 MHz. The SNR 
margin required to achieve the stated system performance for both sensor types 
assumes averaging over 32 samples. 


Si 


NUMBER OF SENSORS PER 




tFACE CARD 


The number of sensors that may be multiplexed per single interface card depends, in 
general, on the interface card size requirements, the type of TDM scheme used and 
reliability. The more the number sensors the more the electronic components, Le. larger 
the interface card. The reliability of the system card is quite complex, but one safely 
state that it reduces with increasing number of components. There are, however, three 
common factors in the three proposed TDM schemes, such as the optical connector density 
(number of connectors per unit area), Rampling rate/processing time and comp lexity of 
controller/data processing/interface electronics that can influence the card size and these 
are discussed first Following this, the three proposed multiplexing systems are discussed to 
understand the factors specific to that configuration. 


SJS.1 Common Factors 

&5.1.1 Optical Connector Density 

All the sensor types included in this report use reflective sensing mechanisms which allow 
the use of a single interconnect cable with a single optical connector on the interface 
electronics assembly. As fiber-optic connector technology progresses the required optical 
connector density will become less of a limiting factor than the complexity of the related 
electronics. Card edge connectors with mixed electrical/optical contacts are currently 
available with optical contact spadngs of 0.156 inches. However, this spacing may be 
reduced by using the silicon y-groove alignment blocks that provide an order of magnitude 
closer spacing. A number of issues including alignment and temperature stability need to 
be addressed prior to commercialization of connector system for the aircraft market 

5.5.1.2 Sample Ratc/Proccssiny Time 

This factor can influence the number of sensors to be multiplexed in situations where the 
sampling rate is approximately equal to the required update rate. Parallel processing may 
provide the required update rate, but the major advantage of multiplexing is reduced. The 
processing time used to interrogate each sensor is directly related to the accuracy required 
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and SNR available for each fiber-optic sensor link. This implies that if the system is 
deficient in one of these parameters the other two may be altered to overcome the 
deficiency. In the ADOCS case, however, this factor was not a problem. 

The ADOCS fiber-optic sensor system uses a sample time of 16 microseconds with a 
processing tim e of about 10 microseconds for each sensor. The overlapping of the 
Rampling and data processing operations with parallel processing circuitry allows the total 
interrogation time to be reduced to essentially 16 microseconds. The total interrogation 
time for the analog sensor types has been estimated to be approximately the same. As an 
example if a 5 ms data update period is required for each sensor then 312 sensors may be 
interrogated in each update period. This is dearly not the case because the complexity of 
the electronics is an overriding factor limiting the number of sensors multiplexed into a 
single card. 

113.1.3 Complexity of Contr oller/Data Processlng/Interfact Electronics 

The ADOCS system interface electronics exduding the optical transmitters/ modulators 
occupies 40 cubic inches of space using standard components and PC board construction. 
With the use of ASIC and hybrid technology it is possible to reduce this volume to less than 
10 cubic inches for this portion of the electronics. This implies a savings of approximately 
30 cubic inches of space common to the three proposed schemes. 

SJS2 Multiplexing S cheme Dependent Factors 

5.5.2.1 Scheme A - Sep arate Transmitters /Common Receiver 

This is the TDM scheme used in the ADOCS program and has proven quite effective. 
Using this scheme the total volume to multiplex 24 sensors is approximately 242 cubic 
inches of which 63 cubic inches is allocated to the power supplies, 44 cubic inches to 2 
circuit boards, 30 cubic inches to optical transmitters and modulators, 30 cubic inches for 
the receiver, and the rest for interconnect boards, fiber-optic connectors and harnesses. It 
is dear that with the use of ASIC and hybrid technology, substantial volume savings may be 
achieved. The factors that are particularly of interest for this multiplexing are: 

• Complexity of transmitter electronics/packaging density 

• Maximum practical detector area 

Laser diodes are currently available in 0.15 cubic inch packages with fiber pigtails. There 
appears to be room in these packages for the hybrid packaged drive electronics necessary 
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to create a narrow pulse and provide an automatic level control input If this is achievable, 
a volume savings of approximately 25 cubic inches may be realized. 

"The factor of maximum practical detector area that may be agmmmoda tf ri by a receiver 
'preamplifier is dependent on several amplifiers and system design factors. These factors 
^include the system bandwidth and sensitivity requirements and the forward g*™ a nd 
feedback capacitance of the amplifier. Simulations have been done using an electronic 
circuit analysis program to determine the sensitivity of a typical amplifier designed for a 90 
MHz bandwidth to the detector capacitance. Figure 5-4 shows the circuit with the values 
used for this analysis and the resulting frequency response plots for five values of detector 
capacitance. The following table shows typical values of capacitance v/s detector size for a 
square detector made from GalnAs material: 

Detector Size, microns Capacitance, pf 

75 3 

150 12 

300 4.8 

500 133 

1500 120.0 

Figure 5-5 shows that a bandwidth of 50 MHz is achievable with a detector mparitnnr* 0 f 
10 pf. From the table above we can see that the capacitance/ area quotient is 533 X 10*^ 
pf/micron^. A 10 pf capacitance is found in a square detector element with a side 
dimension of 433 microns. With a fiber dad diameter of 110 microns, 16 fibers (or sensors) 
could be butt coupled to the detector without optuniziqg the packing of the fibers. If a 
lower receiver sensitivity could be tolerated then a larger detector could be used and more 
sensors may be multiplexed. 

5S22 System B • Separate Receivers/Common Transmitter 

The factors that determine the marimnm number of channels that may be multiplexed into 
a single interface card for this multiplexing system are: 

• System loss budget margin 

• Receiver circuit complexity/packaging density 

The primary limitation of this multiplexing technique is that the power from a single optical 
source is divided among the channels that are multiplexed into the interface card. For the 
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Figure 5-5. Preamplifier Frequency Response 
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SNR budget shown in Table 5-1, 24 channels give a SNR penalty of IS dB. This system 
requires an optical source level that is not easily achievable today. In addition, the higher 
pomr levels reduce the life of the optical source. 

Although the complexity of the entire receiver is significantly greater than the complexity 
of the transmitter circuit, the actual circuitry that needs to be duplicated for each channel is 
just tfce detector and preamplifier. These are currently available in 0.075 cubic inch 
packages with fiber pigtails. There is some added complexity to the remainder of the 
receiver to accommodate the switching and baseline stabilization required for this system 
configuration. 

SSJ3 System C - Common Transmitter and Receiver/Opti cal Switch Network 

The primary factor that determines the maximum number of channels that may be 
multijpllexed into a single interface card for this multiplexing system is: 

m Gain/noise performance of optical switch/amplifier network 

Kxugpton^ has shown that the noise bandwidth of a system with a laser cavity used as an 
optkaii amplifier coupled to an incoherent detector is equal to the optical bandwidth of the 
system. This imposes a severe limitation on the application of optical amplifiers unless a 
very narrowband optical filter is used. This would limit the optical system bandwidth to 
something close to the optical switch/amplifier network shown in Figure 5-3 modified to 
indteBe T/R couplers at the transducer ports with the receive legs coupled together into a 
single receiver port With this approach the optical amplifiers would be used in the 
transmit direction only. Much work remains to be done to determine the tradeoffs of 
syairPD performance, complexity, reliability and cost for these various configurations. 
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SECTION 6 

RESPONSE TO QUESTIONS 


1. Type of Sensors 

All of the sensors listed in the table have been incorporated into the system design. 

2. Signal Compensation or Calibration 

The sensing mechanism for the position sensors is digital and for all of the others it is 
analog. The sensor calibration methods are listed in the table below. 

Calibration Method 

Internally generated reference si gn al time 

multiplexed. 

Internally generated reference signal time 

multiplexed. 

Two wavelength ratio. 

Reference generated in the interface and 

transmitted through the sensor. 

Reference generated in the interface and 

transmitted through the sensor. 

Time base in interface for frequency measurement. 

p a rh sensor has its own optical source. The digital and analog sensors share a common 
receiver within their respective groups. All other sensors have separate receivers. 

4. Number of Optical Sources 

One source is required for each sensor except for the turbine blade sensor which .is a 
passive system. Forty-two sources are required for the complete system. 


Sensor Type 
Digital 

Analog 

Turbine Blade Temperature 
light Off Detector 

Vibration 

Rotary Speed Sensors 
3. Number of Channels 
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5. Number of Detectors 


Approximately 10 detectors are required for the complete interface. The considerations 
for this number are discussed in the section on multiplexing. 

6. Number of Fibers 

Each sensor requires one interconnect fiber. 

7. I/O Pincount 

One optical connector is required for each interconnect fiber. 

8. Optical Power Margin 

The optical power budgets for the digital and analog sensors are discussed in Section 5.4. 
More study needs to be performed to determine the power marg ins for the other types of 
sensors. 

9. Signal Processing lime and Receiver Bandwidth 


Sensor Type 

Processing Time 

Receiver Bandwidth 

Digital 

16 microseconds 

50 MHz 

Analog 

16 microseconds 

10 MHz 

Turbine Blade Temperature 

<3 microseconds 

<2 kHz 

Light Off Detector 

16 microseconds 

10 MHz 

Vibration 

16 microseconds 

10 MHz 

Rotary Speed Sensors 

5 microseconds 

<50 kHz 


10. Complexity 

Further study is required to evaluate this factor. 

11. Electrical Power Consumption 

It is anticipated that the power requirements should not exceed 25 watts. Additional 
study is required to determine this more accurately. 


12. I/O Circuit Area 

Further design work is required to evaluate this factor. 

13. Weight 

This cannot be evaluated at this time. 

14. Reliability 

It is anticipated that the reliability requirements for flight critical aircraft systems can be 
met with this sensor system. More design work is required to give an accurate MTBF 
figure. 

15. Redundancy 

The redundancy requirements must be considered from the top level system performance 
requirements. Redundancy can be provided internally in each sensor housing or by 
incorporating duplicate identical sensor systems. 

16. Maintainab ility 

Fault isolation can be provided for each of the sensors to locate the fault to the 
replaceable assembly. In the sensors that use time division multiplexing for calibration, 
an analysis of the return signals will provide most of the information necessary for 
j fninting the faults. Studies have been done of fault isolation methods to identify one that 
gives complete isolation of all possible faults for the digital sensor types. It may be 
necessary, depending on the system requirements, to add a source at a second wavelength 
to provide complete fault detection and isolation. 

17. Availability or Development Schedule 

Developmental models of the position sensors have been extensively flight tested on the 
ADOCS program. Additional work is required to make them into production items. All 
of tbe concepts used in the other sensors have been demonstrated but additional work is 
required to develop production units. 
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EXECUTIVE SUMMARY 


This study presents comparative information on several different 
electrically active and passive fiber optic sensors and sensing 
system architectures for future advanced aircraft applications. 

The characteristics presented for architectures based on 
electrically active sensors with fiber optic -signal communication 
are derived from ELDEC development of EL-OPTIC 1 * sensors, which 
have been undergoing in-flight evaluation since January of 1987 . 

The characteristics presented for architectures based on passive 
fiber optic sensors are derived from development of various 
intensity modulated multimode sensors incorporating our patented 
TDIN (time domain intensity normalization) technique. 

Tradeoffs are summarized in an Architecture Characteristics 
Matrix that references specific portions of the text for further 
elaboration. Finally, significant sensor and system development 
issues relevant to practical implementation of sensing system 
architectures in advance aircraft are discussed. 
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ORGANIZATI ON OF THIS REPORT 

Information on designs for candidate fiber optic sensor 
systems, as requested by ATTACHMENT "A" of the letter 
subcontract, (P.0, no. 153664), are presented in the 
beginning of section 2 of this report. This information has 
been assembled in matrix format to assist in identifying and 
characterizing the system options. 

In addition, ELDEC is pleased to present more detailed 
information in the balance of section 2 and section 3 
relating to our preferred sensor conceptr. and their 
implementations . 

2 . CANDIDATE FIBER OPTIC SENS OR SYSTEMS 

A matrix of the characteristics of the ELDEC EL— OPTIC*" and 
TDIN*" sensor concepts is presented in Tables la and lb 
respectively which include references to sections of this 
report in which more detailed discussions are presented. 

ELDEC hjs investigated many sensing concepts and considers 
two of them most likely to satisfy the overall industry 
needs, particularly those related to interface commonality 
combined with practicality. We believe that these concepts 
are more likely than other alternatives to result in cost- 
effective devices for near term deployment. An ongoing IR6D 
program is developing these two techniques into families of 
fiber optic based sensors suitable for the aerospace 
environment. The first of these to reach flight test status 
is the ELDEC EL-OPTIC sensor concept. One unit has been 
flying since February of 1987 as an operational device in 
scheduled commercial service and a second since January of 
1988. This concept employs a battery powered electrical 
transducer element. with an optical fiber signal line. 

The second concept, now being prepared for delivery, is the 
ELDEC TDIN sensor concept. It employs an analog optical 
intensity modulation transducer with ratiometric 
normalization and is an electrically passive opto-mechanical 
device. Each of these schemes provides the advantages of 
versatility and interface circuit commonality; that is, a 
single interface module design will operate with various 
transducers designed to detect many different physical 
phenomena . 

The initial development has been concluded for each program 
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and we are now in position to proceed with extending these 
concepts to other sensed parameters. Both concepts support 
the multiplexing of sensor signals. 
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2.1 


EL-OPTIC*" description 

The EL-OPTIC concept involves micro-powered, electrical 
sensing elements (ie. transducers) with fiber optic signal 
lines but without any other attachments; no electrical power 
lines or electrical bonding. This concept facilitates the 
development of sensors incorporating the benefits of fiber 
optics that will provide state-of-the-art performance for 
many present electrically sensed measurands, including those 
listed in the FADEC sensor set. This concept facilitates 
use of a common architecture for all sensed parameters. The 
following functional blocks, shown in figure 2.1-1, comprise 
a single channel of this sensor concept: electrical power 
storage, system period generation, the transducer and its 
driver/ interface circuit with data formatting, and output 
signal generation. The sensor output employs a lightly 
stressed LED. 

Most transducers, whether optical or otherwise, measure what 
are basically analog phenomena. The few exceptions include 
on-off parameters such as RPM indication. The EL-OPTIC 
concept provides for suitable compensation and referencing 
within the sensor circuits, then formats this analog data in 
a standardized digitally coded optical format for transmis- 
sion to a standardized receiver interface module. This 
concept provides a robust optical power margin. 

In our EL-OPTIC Local Sensor Interface Unit (LSIU) 
architecture, presented in paragraph 2.1.2, each sensor 
output function has a single optical fiber with one-way 
signal transmission. This uses one connector terminus at 
the FADEC box feeding to a dedicated optical interface 
module. This electrically-multiplexed approach provides a 
reduction of single-point failure opportunities. The 
reasons that we favor this scheme for the EL-OPTIC concept 
are presented in later paragraphs of section 2 and elsewhere 
in this report. The EL-OPTIC concept is, however, 
compatible with optical sensor multiplexing and command- 
response addressing. 

The EL-OPTIC concept will accommodate multiple fiber optic 
output lines if such an architecture is required for 
redundancy. It can be implemented by the addition of 
another LED and connector. These outputs may then connect 
to multiple FADEC units. Redundant batteries are also 
possible. 
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The fiber optic interface aodule, also shown in Figure 
2.1-1, is comprised of an integrated detector preamplifier 
(ZDP) of modest capability, an A6C amplifier section and 
digital detector-decoder with storage buffer. Mo optical 
source is required at the interface module. 


The EL-OPTIC concept combines proven electrical sensing 
'technology with fiber optic signalling to provide the 
environmental immunity expected from fiber optic technology. 
It features total EMI isolation, and the signal is 
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unaffected by lightning strike, and BMP. Ocr implementation 
is designed for operation in harsh environments. A 
proximity device is hermetically sealed to provide water 
immersion protection and enhanced survivability to fire. It 
has low weight as well as reduced system complexity and cost 
relative to many competing passive fiber optic sensing 
technologies and is far more forgiving of optical cabling 
losses and variations in loss. 

This sensor format has substantial advantage in the near 
term (ie. 5 year time frame) . Within this period, passive 
fiber optic technology is not likely to be competitive with 
respect to either non-recurring or recurring costs. El- 
Optic sensors are based upon known, familiar sensing 
technology with modest fiber optic content. Consequently, 
development schedules and costs, as well as production 
costs, may be lower and more accurately projected at program 
inception. 

Development risk to produce proof-of-concept sensors rated 
to 130*C is low. Such development would meet many early 
test vehicle needs and would basically be an application of 
known technology. Research required to extend the EL-OPTIC 
concept to 175®C operation is expected to be modest. There 
is potential to further extend this concept to 300°C 
operation (see section 3) . 

The EL-OPTIC concept is compatible with most phenomena for 
which electrical sensors presently exist. It has been 
applied to non-contact proximity sensing, position sensing, 
and mass flow (conceptually) at this time, with pressure and 
temperature slated for future development. It complements 
micro-machined electronic sensor technology. It facilitates 
commonality of the sensor optical interface module 
independent of the nature of the sensed parameter and 
therefore should satisfy the desire for commonality. 

The sensor output pulse train occupies a time span of less 
than 100 microseconds. The sensed parameter value is stored 
in digital form by the end of this period. This data is 
updated as required by the particular sensor function; for 
example, once every 5 milliseconds. The update rate is tied 
to sensor power requirements which are described in 
paragraph 2. 1.1.1. 

The interface module will be implemented in Application 
Specific Integrated circuit (ASIC) form, initially as a 
hybrid device having 3 IC chips. The circuits are all 
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simple, low cost designs with very low stress levels and 
modest performance requirements. Presently, the IDP 
detector is an MFOD 2404. The output latched buffer can be 
a low spmed device equivalent to a CMOS 54C374. The present 
discrete implementation of this scheme uses commercially 
avai labile optical hardware of modest performance, draws 25 
mA at 12 volts, and occupies 6 square inches of board area. 
The ultimate interface module, to be implemented in high 
density ASIC form, will draw less than 6 mA and occupy less 
than a 1 square inch area. The interface receiver module 
weight will depend upon the technology to be used, but 
should toe no more .than 10 grams. 

The meaner environment is likely to include extremely high 
temperatures. However, the LED and other circuit elements 
will be (operated in forward bias only at very low duty-cycle 
for vhidh they can show good reliability in spite of this 
high temperature. It is reasonable to extend sensor 
operational capability to 175°C based on work done by Eldec 
Technology and Central Operations Division (TCO) on high 
temperature electronic circuits and packaging, and the 
latest information on the battery and LED capabilities. 
Future developments should allow extension to 300°C service 
temperature with reliability and service lifetime. 

The ELrOPTIC concept involves micro-powered electrical 
circuits and sensing elements, the need for which is 
dictated by the realities of power availability via optical 
fiber , ear from small batteries when a minimum 20 year 
continuous service life is required dependent upon update 
rate. 

The mimtimu n power needs are set by electrical requirements 
of tbe sensing circuit, its peripherals, and the LED signal 
emitter. In virtually all practical schemes, available 
power will be severely restricted. In order to make such 
schemes viable, strategies must be developed that minimize 
the necessary power level within the sensor. There is a 
tradeoff between power consumption and sensor repetition 
rate (delta update rate) in that the average available power 
will be set by fixed system parameters. Several schemes are 
available to conserve this power. Discussion of these is 
beyond tfhe scope of this report. 

ELDEC hss evolved a format for the digital output signal. 
Accuracy is not dependent upon precise tine stability at the 
sensor or receiver and does not invoke a wide receiver 
bandwidth requirement. A major advantage of this EL-OPTIC 
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concept over passive sensing schemes is that it can provide 
a robust optical power margin. 

There are three basic ways of providing electrical^ power to 
the sensor circuits; battery, power-by-fiber, »ndlocal 
power lines. The key to achieving the full benefits of the 
EL-OPTIC concept in the near future at competitive cost and 
performance is the use of the local battery power source 
discussed in section 3. Power-by-fiber (PBF) is discussed 
in paragraph 2. 1.4.1. The consequences of powering a sensor 
by aircraft electrical power lines are: 

a. EMI filter capacitors must be provided; 

b. these are physically large and expensive; 

c. they have relatively low electrical breakdown 

voltage characteristics; . 

d. it is difficult to obtain sufficient filtering 
action ? 

e. some EMI in the region between 40 and 100 MHz will 
get through, and 

f . the Hi-Pot problem has not been adequately 
handled, consequently the sensor is not 
adequately protected against lightning strike. 


2 . 1.1 


LSIU Architecture 


The ELDEC EL-OPTIC sensor concept is well suited for engine 
use. It facilitates the collection of signals from all of 
the sensors in a local region, regardless of the parameter 
being measured, through use of a small standardized sensor 
receiver (or interface) module. Use of the Local Sensor 
Interface Unit (LSIU) concept \ , shown in risur® 2.1-2 

can decrease overall system complexity, cut weight, improve 
maintainability, and control cost. The standardized 
interface module is a feature greatly desired by the 
airframe industry. 


1 . «a Hew Approach to Sensors for Shipboard Use", W. Little, 
Eldec SSD, paper presented at the 6PIE symposium on FIBER 
OPTIC SYSTEMS FOR MOBILE PLATFORMS, 20-21 Aug. 1987, San 
Diego, Calif. 


. "AN OVERVIEW OF HYBRID ELECTRICAL-OPTICAL GENERAL PURPOSE 
SENSING", W.R. Little, Eldec Corp. , paper presented at 
the SAE ASD meeting Nov. 1-4, 1987 at Dallas. 


2 


Tha LSIU formats and storms sansor data togathmr with a 
smnsor location idmntification coda, fault status coda and 
parity bit for transmission on a data bus. Continuous 
availability of tha simpla oparational status coda is a 
faatura of significanca to improva mission raliability. EL- 
OPTIC sansor oparability can ba flaggad without naad for an 
intaractiva Built-in-Tast (BIT) schama that brings inharant 
complaxity and non-ral lability. 
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2. 1.1.1 Optical power Budget 

At the sensor, the present design uses a low emitter drive 
level to give 50 to 75 microwatts optical output at the end 
of the 100 micron core fiber optic pigtail. Future sensor 
versions may have a connector. The receiver threshold, to 
yield a stable digital output pulse train, is between 25 and 
50 nanowatts measured at the box connector. These 
characteristics provide a full 30 dB design signal budget. 
These numbers also should be exceeded in well engineered 
production hardware using present technology. Therefore, 
this power margin allows normal system operation with over 
•20 dB of one-way cable and connector losses . 

2. 1.1.2 Reliability 

A meaningful estimate of the sensor HTBF can not be 
performed et this time beceuse of e leek of reliebility dsta 
for batteries, and for the LED under the projected usage. 

An estimate of battery HTBF is presented in section 3. MIL- 
HDBK-217E projects LED numbers to 115°C, but the projection 
to 300°C is suspect, especially at the low duty cycle of 
this application. Details of packaging will play a major 
part in component reliability at these high temperatures. 

Reliability calculations have been made for a structurally 
similar ELDEC product, the 8-551 proximity switch, that uses 
a hybrid electronic circuit. This projection is 10 hours 
MTBF for the fighter aircraft uninhabited (AUF) environment 
with MIL-STD-883 screening. Actual commercial airline 
service of our two piece proximity switch line shows 150,000 
hours MTBUR (unscheduled removal does NOT necessarily imply 
a sensor failure) . Projecting to a mature GaAs circuit 
technology with careful packaging it is reasonable to expect 
10 6 hours MTBF for- most EL-OPTIC sensors. These 
calculations show the transducer element to contribute only 
slightly to this MTBF number; the electronic circuits are 
the major factor. 

An estimate for the interface module is again greatly 
dependent upon the packaging details, but a rough-order-of- 
magnitude is 10 6 hours MTBF based on available data for 
similar ASIC devices. 
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2.1.2 Multiplex Architecture 

The EL-OPTIC concept can implement Multiplexing with 
modestly greater complexity at the sensor. Multiplex 
control circuits aust be added to the systea and an eaitter 
added to the interface aodule. It sends a coded interroga- 
tion signal that elicits a response froa only one of the 
various (addressable) sensors on that line. Such 
Multiplexing is not feasible with the present non- 
■ultiplexed, continuously transacting, non-synchronized 
version of the EL-OPTIC sensor because of data collisions. 
Optical power losses are now greater by the aaount lost to 
splitters and added connections. This arrangeaent also 
results in the need for a higher powered interface emitter 
and a greater electrical power drain than for non- 
suit iplexed EL-OPTIC. This concept has the further dis- 
advantage that each of the (addressable) sensors becomes 
unique when assigned an address at installation which causes 
a logistics penalty. 



A 

NON-MULT I PLEXEO 
ELEMENTS 


B 

MULTIPLEXED 

TRANSDUCERS 
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Arguments of ira into inability and cost support the I41U 
architecture of figure 2.1-2 involving the -local collection 
of sensor signals at an interface "concentrator" unit 
located at a bus node. These factors favor keeping the 
fiber links between transducer and interface unit short with 
minimal additional connections. 


2.1.3 Power-by-Fiber architecture 

Power-by-fiber (PBF) , or Power-by-light. (PBL) , technology is 
one version of the ELDEC EL-OPTIC concept to facilitate the 
combining of electrical transducer advantages with those of 
.fiber optic signal transmission. In PBL, the necessary 
sensor power is provided optically down the fiber, but must 
then be converted to suitable electrical values. The main 
concern is in supplying an adequate input-power level to 
accommodate cable losses and the opto— electric conversion 
efficiency. The return signal path is not technically 
difficult. ELDEC has an on-going program to develop this 
technology 3 . 

At the interface module the power source emitter is to be 
run, as a minimum, at 50% duty-cycle and must be pushed to 
its power limits at ambient temperatures within the module 
housing of 125°C for engine mounted FADEC application. It 
will be the most heavily stressed system component; its 
reliability may be a significant limiting factor to the 
overall system reliability. 

There is a strong desire for simplicity, both within the 
electrical components and the cabling, in order to artiieve 
full benefits as compared with existing electrical sensing 
hardware. In reference 3, five major cable architectures 
were identified for PBF use. From this, ELDEC has 
developed means to optimize the PBF function that uses only 
one connecting fiber line. This scheme avoids use of fiber 
splitter/ combiner elements yet shows good overall 
conversion efficiency and results in lower complexity and 
cost than other schemes. The trick is to balance all 
aspects of the system for best advantage and to achieve the 
minimum possible electrical load. 


3 . Eldec doc. 011-0871-001 "Optical Fiber Transmission of 
Power for Electric Circuits (Power— by— Fiber) , prepared 
by Diane Stong, Oct. 27, 1987. 


At the sensor, additional circuits are needed for opto- 
electric power conversion. Although these are not complex, 
they will increase cost. 

Although the EL-OPTIC concept is compatible with Power-by- 
Light as an alternative power source, it does not yield the 
same advantages as battery power. Specifically, PBL is 
limited by power conversion inefficiencies, cable/connector 
losses, and a tight optical power budget. Most such work to 
date has depended upon laser diodes to provide an adequate 
power budget but these are presently poorly suited for use 
at high ambient temperatures. Compared with the battery 
powered EL-OPTIC version, the PBL concept needs more 
components, and will necessarily have lower predicted 
reliability. Overall system development time and costs may 
be larger and sales price higher. However, there may still 
be applications for which it is an appropriate solution. 

2. 1.4.1 Optical Power Budget 

The largest concern for PBL, the level of electrical power 
available to the sensor, is greatly influenced by the fiber 
optic cable losses. In this case, these losses are for a 
one way path and result mainly from the connectors. 

Assuming average quality 1.0 dB loss connector hardware, 
degraded by time, temperature and other effects, it is 
conservative to budget an average 2 dB loss per connection. 
To this must be added component service-lifetime degrada- 
tion, plus system operational margin. Unfortunately, past 
industry experience has shown that there are likely to be 
excessive cabling losses, perhaps a result of cable routing, 
cable-ties and the like, and that in-service conditions can 
result in significant maintenance problems when optical 
power budget margins are figured too closely. The truth is 
that the industry does not, at this time, know what excess 
power budget allowance will result in a satisfactory field- 
maintenance experience. 

Because of the power budget issue and architectural 
considerations, the PBL scheme will be much more difficult 
to configure than the battery powered version of the EL- 
OPTIC concept. 


14 



2.2 


Candidate TDIN Sensor Systems/ArchitectureS (Passive) 

ELDEC has developed and patented (U.S. patent f 4,681,395) a 
fib^r optic sensor referencing scheme titled Time Domain 
Intensity Normalization (TDIN), which is capable of serving 
as the key ingredient or building block to numerous system 
architectures. 

I 

Basic TDIN Description 

sensors operating within the TDIN concept analyze the 
intensity of light returned from the sensor to determine the 
-measurand; that is, all are forms of intensity modulated 
sensors. 

ELDEC has chosen to focus its passive fiber optic sensor 
development efforts on analog intensity sensors for a 
variety of reasons. The most important is the potential for 
simplicity with attendant low cost, high reliability, easy 
maintenance, small size and low weight. Second, intensity 
sensors work well with low cost, broadband LED sources and 
large core, step index multimode fibers. Expensive, lower 
reliability laser diodes are not required in most cases. 

The use of multimode fibers in turn provides for better 
source-fiber coupling and simpler, more reliable connector 
designs. In contrast to interferometric/singlemode 
technology, intensity modulated/multimode technology is more 
mature. Third, it has been demonstrated by a multitude of 
investigators that essentially any conceivable parameter can 
be made to cause an intensity change in a multimode fiber. 
Through careful design, any of these mechanisms can become 
useful sensors. This broad applicability of intensity 
modulation for sensing various measurands brings forth the 
possibility that a single (or small set) of standard 
electrical interfaces can serve a large family of fiber 
optic sensors. Finally, unlike their digital counterparts, 
analog intensity sensors degrade gracefully in the presence 
of adverse conditions, allowing continued use. 

The central significance of TDIN is that it isolates the 
sensor response from variations in the source power, 
connector losses, fiber attenuation, and receiver 
sensitivity. A block diagram of a fundamental single 
channel TDIN analog sensor is shown in Figure 2.2-1. 
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Notice the simplicity of the concept, especially the snail 
number of optical components. In operation, a pulse is 
transmitted along a fiber to the sensor, where a coupler is 
used to separate the pulse into two legs: a sensor leg and a 
reference leg. A single delay line is used to generate a 
delay in one of the legs. Mhen the pulses are reflected and 
recombined by the coupler, two pulses propagate back to the 
electronics where they are separated for processing. Since 
both pulses are aaittsd from the same source, travel the 
same fibers and connectors out and back, and are received by 
the same photoreceiver, signal strength variations caused by 
these items are common to both pulses and are compensated 
when the signals are separated and divided. The ratio of 
the pulse amplitudes contains the sensor information. 

Not only does TDIN compensate for the unwanted variations, 
excellent solution as a common interface technique 
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for all analog intans ity sansors. With it,, a single 
alectronics dasign/sodula can be used for numerous 
parameters. Integrated circuit techniques can reduce the 
circuitry down to one to three chips. Baking the circuits 
very simple and low cost, especially in majs production. 
Commonality allows greatly simplified logistics support for 
the sensor electronics. Also, since much of the optics is 
common, it too can nade into a standard nodule. Sensor 
design would then be reduced to design of the sensing 
mechanism and packaging. 

Furthermore, due to the ever-present reference pulse, TDIN 
has a natural built-in-test capability. 

ELDEC has reduced TDIN to practice and obtained excellent 
performance. The delay line, coupler, and mirrors have been 
proven in both performance and producibility. Stability in 
the pulse height ratio against temperature and variations in 
the modal content of the multimode fiber waveguides has been 
designed into the system and demonstrated. Testing has 
shown that disconnecting and remating connectors results in 
a change of less than 0.1% in the output. Also, the 
response has been shown to vary less than 0.25% full scale 
range (FSR) over an optical power range greater than 12 dB, 
indicating good power margin and excellent link loss 
compensation. Because of these results, ELDEC believes that 
the TDIN system approach is an excellent candidate for 
engine control applications. 

In addition to its many features, TDIN is adaptable to 
multiplexing. TDIN performs a sampling function of the 
measurements, and sampling brings the potential for (pulse- 
amplitude-modulation) time-division-multiplexing (PAM-TDM) . 
Also, TDIN can be configured in combination with wavelength 
division multiplexing (WDM) and/or spatial division 
multiplexing (SDM) . With appropriate attention to 
redundancy and reliability, multiplexing potentially offers 
notable benefits in weight, cost, and complexity in the 
FADEC box and the interconnect. 

Several sensor system architectures are presented below that 
build upon the fundamental TDIN concept. 


Overall TDIN System Architecture Description 

The system configurations below are built with TDIN as the 
basic ingredient or building block. Seemingly, an infinite 
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number of system configurations arm envisioned when one 
considers all the combinations of Spatial, Wavelength, and 
Time division multiplexing that are possible in transmissive 
or reflective "star" or "linear" configurations plus all the 
various modulation schemes. Many of these can be dropped 
due to over-complexity, poor power budget performance 
(loss) , or other reasons of impracticality. ELDEC has 
attempted to filter the numerous concepts, and we believe 
that the following are representative. 

ELDEC prefers three concepts all based on a generic "sensor 
multiplexer" (sensor mux) configuration. These are shown in 
a summary fashion 'by Figure 2.2-2. An electronic interface 
module couples the interrogation signals out to the sensor 
mux which directs the signals to the appropriate sensors. 
Each sensor is a basic TDIN-referenced sensor. The 
parameter-modulated signals are then returned to the sensor 
mux where they are combined onto a single path for return to 
the electronics receiver. 


SENSOR 



FIBER OPTIC SENSOR SYSTEM BLOCK DIAGRAM 
FIGURE 2.2-2 
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These approaches use stand-alone TDIN sensors that are 
individually calibrated at fabrication and provide their own 
reference signal. 4 Note that the sensor mux unit can be 
anywhere along the fiber path - from within the FADEC, all 
the way to within a cluster of tightly grouped sensors such 
as a four-axis sidearm controller, or at any point in 
between . 

Figure 2.2-2 is labeled to show that each fiber path to the 
sensors is actually two fibers - one for interrogation and 
the second for response. For this effort, ELDEC is 
describing two-fiber systems due to the problems caused by 
connector reflections. As connector reflections are 
eliminated with technology developments, then single fiber 
configurations are possible, with a slight penalty in 
optical flux budget. 

As a baseline for comparison, a mom-multiplexed 
configuration is also included in this discussion. In this 
case, the sensor mux is simply a fiber breakout box which 
only collects and distributes the signals; there is no 
multiplexing of any sort, and the performance as a system is 
that of numerous but individual seniors. 

The three multiplexed configurations described in sections 
2.2.2 - 2.2.4 are based on spatial (SOM) , wavelength (WDM) , 
and time (TDM) division multiplexing, in which the sensor 
mux takes on more interesting characteristics as described 
below. (Note; the terms SDM, WDM, and TDM are used somewhat 
loosely here. As will be seen, all use a serial format to 
share portions of the same electronics - hence, all use TDM. 
Likewise, all approaches use spatial separation of the 
sensors, and hence, involve SDM principles. The names have 
been abbreviated to designate the configuration within the 
sensor mux: SDM uses separate interrogation paths (separate 
fibers within a common cable) from the FADBC to the sensors; 
WDM shares the same fiber path but determines direction to 
the sensors based on color; TDM also shares the same input 
fiber path, but separates the signals in time with unique 


4 It is also possible to combine multiple sensors with a single 
reference signal using TDM. Implementation would involve an 
(N+l) x 2 coupler and a unique delay for each sensor. This 
approach would be used only with a tightly related, closely 
situated group of sensors, such a side-arm controller where a 
single package is reasonable. 
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time delays built into the individual paths to the sensors.) 

The maximum number of sensors that can be combined into 
multiplexed TDIN systems is typically limited by the optical 
flux budget. All system discussions and characteristics 
below assume that "n" sensors are connected into the system, 
with "n" being determined by power budget calculations. 

Laser diodes can be used with TDIN, provided the required 
signal to noise ratio (SNR) is not over a few hundred to 
one. Certainly the power budget over normal receiver noise 
will be increased and more channels can be multiplexed. 
However, due to modal noise with multi-mode fibers, the SNR 
will be limited on the other end to a few hundred. This 
will be the case with any analog sensor using laser diodes. 
For purposes of this report, specific analyses with laser 
diodes are not included. LEDs for which modal noise is 
negligible are assumed for all sources. 


gysrttll TDIN system Architecture Ch aracteristics 

A summary of the characteristics requested in the statement 
of work is presented in the Architecture Characteristics 
Matrix table in section 2.0. 

Some of the 17 characteristics can be addressed globally for 
all the concepts. A set of assumptions (for a single TDIN 
channel) for the late 1990's for all calculations is: 

o LED coupled power - +6 dBm (peak) into 100/140 
micron, 0.27 NA step-index fiber, at 298 °K 
o RCVR equiv. noise resistance - 50K ohm, 50 MHz BW 
o Resolution - 100 (SNR) 
o Bandwidth - 200 Hz (noise bandwidth) 
o Connector loss — l dB each x 6 connectors 
o Two-fiber paths, 100/140 step-index to/from sensors 
o Customized electronics design/packaging 

1- Types of Sensors - TDIN is applicable to all sensors for 
which a "DC" or absolute response is required. From the 
list in Attachment A, these include all position, 
temperature, and pressure sensors. The one exception is the 
turbine blade temperature, which may be better sensed with 
an approach other than intensity due to the extreme 
temperature. Other parameters may be possible with aspects 
of the TDIN interface, but would require different post- 
processing electronics (see section 3.2) Present status of 


ElJec’s sensors, in terms of meeting ths requirements of 
Attachment A, are also presented in section 3.2. 

2. signal Compensation^ As described in section 2.2, al * 

sensors use the TDIN scheme for referencing against unknown 
intensity variations. 

5. g of Detectors - All three multiplexed approaches use only 
one detector per H n" sensors due to the derial 
sensor/sensor-data format. The non*"multiplexed baseline 
approach, of course, would require one detector for each 
sensor. 

8. Power Margin - optical power margin is a function of the 
number of channels combined, the response times required, 
plus the basic coupled power, losses, and receiver 
sensitivity considerations. To manage the number of 
variables, all calculations are based on a target power 
margin of 11 dB* at 125°C (worst case) , with the result 
being the maximum number of sensors or channels that are 
possible. 

9. Signal Proc essing Time - As suggested in the SOW, an 
effective time constant of tau»(l/3)*5msec is used as a 
typical value for all calculations. Using the approximation 
of bandwidth « l/(2pi*tau), the resulting effective signal 
bandwidth is near 100 Hz. (The time required for A/D 
conversion is typically around only 40 microseconds, and is 
neglected.) In all calculations, we have assumed an 
effective noise bandwidth of 200 Hz. 

It should be noted that the various mux approaches perform 
processing in different manners, the specific signal and 
noise bandwidths allotted to a specific channel may be 
changed. However, from a system viewpoint, the effective 
output signal bandwidth in all cases will be 100 Hz. 

With dynamic signals (changing measurands) , errors will 
occur from multiple causes. Their effects are additive. 

Simple analog filters will cause a dynamic error. 
Assuming a parameter ramp input of rate twice full 
scale range per second, a 100 Hz BW results in a 
dynamic ramp or slew error of 0.33%. 


*11 dB ■ 3 dB repair splices + 2 dB added connectors + 3 dB 
connector aging + 3 dB source aging. 
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In the WDM and SDH cases, vhare aach parameter is 
sampled ones in avary 5 nsec. fraaa, tha individual 
rasponsa tiaas aust ba spad up to coapanaata for tha 
incraasad nuabar of channals that shara tha fraaa. 
Within such a fraaa, tha paraaatar aay hava changed up 
to 1.0% (using tha sane rata exaaple as above) between 
interrogations, worst case, in highly aultiplaxad 
systaas. Hare, tha processing BW imposes a dynaaic 
step error. For exaaple, a tiae constant of 1/3 of tha 
allotted dwell tiae causes a step error of 5% (exp (-3)) 
of tha 1% step (this assuaes that tha previous value is 
retained as a starting point for tha next value) , or 
0.05%. 

Such step error is tha doainant error in highly 
aultiplaxad systaas; in low-level aultiplexing, reap 
error doainates. 

This error is worsened if a sensor is tha first one 
(worst case) interrogated in a serial group, and it has 
to hold its value until the whole group is 
interrogated, causing further lag. This lag could be 
as auch as 1% peak for this exaaple. 

A final error is the error resulting froa the tine lags 
froa the host saapling; this too could be up to 2% peak 
for this exaaple. This latter error tera can be 
reduced by aore rapid saapling. This tera is not 
considered in any response tiae discussion below, since 
it is beyond the control or the effects of the aux 
design. 

In TDM, step error is minimized, since a new saaple is taken 
every 1/6 MHz (6 MHz is the present repetition rate) , and 
thus ranp error doainates. 

Elec, power consuno. - 2 watts. Due to the tine-sequenced 
(serial) fomat of the sensor interrogation and the use of a 
single receiver (for the aultiplexed systems) , the power 
consunption is essentially constant regardless of the nux 
•y»ten configuration or the # of sensors. In the TDM case, 
as the transmitted pulse train is spread out to allow more 
sensors, the peak power will be increased in an attempt to 
maintain a constant average drive level. With the narrow 
pulses in the TDIH approach, the heating froa individual 
pulses is negligible, and thus the LCDs can be average power 
limited without a sacrifice in reliability. This is not the 


case for vide, pulse baseband schemes, for ’..which reliability 
will be limited more by peak power. 

For the non-mult iplexed configuration, the consumption is 
1.5 watts per each sensor. 


15. Redundancy - This a major issue for critical flight systems, 
and can be handled in a number of ways. The probable best 
approach is to simply duplicate (triplicate, *tc. )the 
system configurations as shown, including the FADEC, fiber 
paths and sensor mux, and the sensors. 

16. Manila inability - TDIH. as the fundamental ingredient of a 
ay stem , has exce 1 lent system maintainability features: 


1 TDIN provides a constant amplitude reference signal for 
each sensor that can be used for failure monitoring. 

Its amplitude can provide a reading of the general 
state of the losses through the system, and therefore, 
system health. Secondly, the normal intensity range of 
the sensing mechanism would not go to zero, allowing 
detection of a failure in either of the TDIN legs. 
Failure and/or "out of range" are easily monitored. 


2. Since each sensor is individually calibrated at the 
factory, sensor replacement is accomplished with a 
simple swap (a mechanical rigging adjustment may be 
required) . 

3. The FADEC electronics is a standard interface that 
works identically for all "DC" intensity sensors. A 
set of offset and/or slope and # of sensors adjustments 
may be needed depending on the variety of sensors that 
are attached to it, although ideally, all sensors would 
have common characteristics. The benefit is simplified 
logistics support. 

4 . The sensor mux is configured with connectors such that 
it can be a replaceable unit although the elimination 
of these connections would improve the power margin. 


17 • Availability p* Components r The »tatus of the in 
concept and intensity sensors is described in more detail in 
section 3.2. In summary, improvements are needed in source 
power, receiver sensitivity, connector losses and 
reflections, electronics bandwidths, fiber NA, and coupler 
performance to fully take advantage of the strengths of 
TDIN. Not surprisingly, the status of TDIN components is 
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heavily dependent on the status of the technology of the 
parts that we have available to use in our designs, which in 
many cases, is the same for all sensors approaches. 

The status of the components needed for configuration in the 
three euggested systems is much the seme ee for a single 

sensor. The additional components required are the couplers 
in the sensor mux units (broadband in two cases and 
spectrally selective in the WDM case) . Also, in the WDM 
configuration, wavelength stable LED-type sources are 
required that are suitable for the aerospace environment. 

It is important that these components exhibit low loss and 
high power, and are built to withstand the environment. 

The characteristics given/used represent the late 1990's 
time frame. At this writing, the basic TDIN and additional 
system components (sensors and sensor mux units) could be 
available within a year or two, although the number of 
sensors that could be multiplexed would be slightly reduced 
from the 1990's estimations due to power margin 
considerations. Errors achieved would also be increased 
slightly due to coupler drift and connector reflections. 
ELDEC plans to develop a custom IC chip-set for the 
electronics by the early 1990's. 

The specific system configurations are described in the 
following sections. The 17 characteristics questions that 
were not addressed globally above are addressed in the 
specific sections below. 


2.2.1 Basel ine Configuration 


Description 

The baseline configuration, as mentioned previously, is 
envisioned as the sensor mux box being a "breakout box" 
which serves only to pass the fiber paths directly to the 
individual sensors. Each sensor communicates with its 
unique FADEC interface and has its own fiber path. This 
configuration is included in this report only for comparison 
purposes; no figure is shown. In actuality, the "breakout 
box" may not exist; the paths could route directly to 
sensors. (For analysis, the "breakout box" is assumed to 
have no connectors . ) 
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Refer to Figure 2.2-1 for a single optical channel of such a 
system. 100/140, 0.27 MA fiber is assumed' for the 
interconnect. 


Characteristics 

3 . i of channels - 1 sensor per electronic interface. 

4. « of Sources - 1 per sensor 

6. # of Fibers - 2 per sensor 

7. I of I/O Pins - 2 per sensor 

8. Optical power margin fi !25 - 29.4 dB PIN, 36.5 dB APD 

10. complexity - per sensor: 1 transistor (LED driver), 1 LED, 2 
custom IC's, plus misc. R’s and C's 

11. Elec, power consume . - 1.5 watts per sensor 

12. I/O area - 4 sq. in. per sensor 

13. Weight - Electronics: 4 ounces per sensor. Cable weight is 
to be based on (duplex) 100/140 fiber for each sensor. 

14. Reliability - approx. 53,000 hrs. MTBF — per sensor, 
including the LED. This value will be reduced for this 
approach and all those below if an APD is used due to the 
high voltage stresses. 


2.2.2 Spatial Multiplexing (SDM) 


Description 

The spatial multiplexed configuration is depicted in 
Figure 2 . 2 - 3 . Separate fibers aie coupled to the sensor 
mux, one for each sensor. Within, they are coupled straight 
through to the individual sensors. The parameter-modulated 
signals are returned from the sensors to the sensor mux 
where they are passively recombined in a broadband coupler 
and sent back to the electronics receiver. 
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within the frame of the system update rate, each sensor's 
source transmits TDIN pulses for approximately the system 
rate divided by the number of sensors that are combined. 

Each sensor is sequentially scanned in this manner. Note 
that a single transmitter clock, detector and receiver 
front-end are multiplexed through all sensors within the 
system. In the electronics, the controller that switches 
the sources also switches the A/D and respective receiver 
output drivers or latches. The electronics can be switched 
quickly and the TDIN receiver can lock onto a new sensor 
pulse train in approximately 10 microseconds. Thus, very 
little percentage of SNR is lost due to overhead. The 
receiver dwells on (filters) the pulse train for each 
sensor's time interval, converts, and then places the data 
into the respective sensors 's output latch. 

The response time of the receiver for the individual 
channels is a function of the number of channels that are 
processed. For example, if "n" sensors are sequenced within 
a 5 msec, frame, then the response time of the electronics 
must be no greater than (1/3) * (5msec/n) for the signals to 
settle before performing a conversion. However, considering 
the sensors as a group, the overall effective response time 
remains unchanged. 
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Note that an option to the sequencing of sensors within a 
system frame is the interposition of pulsed within a TDIN 
sample frame (presently approx. 6 MHz / f of channels) . 

This is what is being done necessarily in the TDM approach 
below. Synchronization of the transmitter LEDs must 
consider the path delays within the installation, which is a 
compromise with logistical flexibility. The analysis 
results below assume this method is not used. 

This approach assumes the use of 100/140 fibers to the mux 
unit and to/from the sensors. The fiber returning from the 
mux unit to the receiver is assumed to be 200/230, 0.37 NA 
fiber. The mux unit uses an asymmetric coupler. 


Characteristics 

3 . | of channels - (§ power margins below) with PIN: 18 

with APD: 49 


4. j of Sources - 1 per sensor 

6. i of Fibers - at FADEC: # of sensors + 1 

7. I of I/O pins - I of sensors + 1 

8. Optical p ower margin (§125 °C) - 11.1 dB PIN, 11.0 dB APD 

10. Complexity - (# of sensors) *(1 transistor + 1 LED) + (3 
custom IC's + misc.) 

12. I/O area - (# of sensors) * (0. 5 sq. in.) + 4 sq. in. 

13. Weight - Electronics: (# of sensors) *0.5 ounce + 4 ounces; 
Cable weight: to be based on duplex 100/140 cable. 

14. Reliability - MTBF estimation based on parts count increase 
53,000 hrs. - (# of sensors) * 1000 hrs. (See section 
2 . 2 . 1 ) 


2.2.3 Time Division Multiplexing (TDM) 


Description 

The time division multiplexed configuration is shown in 
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Figure 2.2-4. It is different froa ths spatial casa in that 
hare thara is only ona sourca that powars all tha sansors. 
Its pul sad powar is sant to tha splittar in tha sansor mux, 
where tha powar is split into tha individual sansor' s 
intarrogation path. Each path has a dalay built into it 
that dalays tha raspactiva pulsas into tima-spacad tiaa 
slots. Thasa dalayad pulsas ara finally nodulatad by tha 
sansors and ratumad to tha sansor aux, coabinad in a 
broadband passiva couplar, and sant to tha racaivar for 
procassing. 



TDM SENSOR MULTIPLEXER 
FIGURE 2.2.4 


Of tha thraa concapts, this systaa approach is tha aost 
similar to a basic TDIN schaaa. Tha transmittar is 
identical, tha only change being that tha duty cycle is 
reduced to allow tha interposition of multiple tiaa slots 
for the increased number of sansors. Tha racaivar is also 
similar, except that aora waveform sampling gates ara 
needed, two for each sansor in tha systaa. 
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The pulses ere a serial train of the variogw sensor'* 
reference and measurand signals. Data synchronization is 
based on the same principle for multiple sensors as for a 
single sensor. Following the input amplifiers, the clock is 
recovered and used to demultiplex the signals into their 
respective time slots for processing. 

The response time required for this approach is a little 
different than the SDM approach above. Since all the 
channels are interposed within the TDIN repetition rate 
(presently 6 MHz / f of channels), there is no significant 
intra-frame dynamic step error problem from sampling; the 
primary limitation will be dynamic ramp error. 

To assure the pulses fall into the correct time slots, the 
length of the delay lines must consider the delays of the 
existing fiber paths within the installation; the sensor mux 
is therefore installation dependent. This is a potential 
disadvantage of the TDM approach. 

This approach assumes the use of 200/230, 0.37 NA fibers 
to/ from the mux unit, and 100/140 fibers to/from the 
sensors. The mux unit uses asymmetric couplers. 


Charflctcrigtigs 


3. j of Channels - (§ power margins below) with PIN: 7 

with APD: 15 

4. I of Sources - 1 

6. « of Fibers - at FADEC: 2 

7. « Of I/O Ping - 2 . 

8. Optical power mar gin fE!25 °C) _■ 11.0 dB PIN, 11.2 dB APD 
10. Complexity - (1 transistor + l LED + 3 custom IC's + misc.) 

12. I/O area - 4.5 sq. in. 

13. Weight - Electronics: 4.5 ounces; Cable weight: to be based 
on 200/240 duplex cable. 

14. Reliability - MTBF approx. 53,000 hrs, including the LED. 
(See section 2.2.1) 
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2.2.4 


Wavelength Multiplexing (WDM) 


Description 

Referring to Figure 2 . 2-5, an approach ia ahovn for the 
combinetion of sensors using wavelength division 
sultiplexing in the path to the sensor sux. within the 
sensor sux, this approach appears to be sisilar to the tine 
domain approach with the passive couplers replaced with 
wavelength-tuned devices and the delay lines removed. In 
terms of FADEC operation, however, this approach is' actually 
more similar to the spatial approach. Within a frame, 
multiple LED sources at different wavelengths are activated 
in sequence at approximately the system rate divided by the 
number of sensors. During each transmitter's interval, that 
transmitter emits a train of TDIN-type pulses that are 
coupled out through a combiner in the electronics to the 
sensor mux. There, the respective color is directed to the 
appropriate sensor, parameter modulated, and returned to the 
sensor mux for combination to the return fiber and sent to 
the electronics receiver. The receiver operation is 
identical to that of the spatial approach, including the 
response times required. 

This approach assumes the use of 100/140 fibers to/ from the 
mux unit and to/from the sensors. 
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transmissive configuration 

WDM SENSOR MULTIPLEXER 
FIGURE 2.2-5 


Characteristics 

3. i of Channels - (§ power margins below) with PIN: 4 

with APD: 10 

4. i of Sources - 1 per sensor 

6. 4 of Fibers - at FADEC: 2 

7. I of I/O Pins - 2 

8. Optical power mar gin f#125 *C) - 12.5 dB PIN, 11.3 dB APD 

10. Complexity - Optical WDM + (# of sensors) *(1 transistor + 1 
LED) -i- (3 custom IC's + misc.) 

12. I/O area - (# of sensors)*(0.5 sq. in.) + 4.5 sq. in. 

13. Weight - Electronics: (# of sensors) *0.5 ounce +4.5 ounces; 
Cable: to be based on 100/140 duplex cable. 
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14. 


— MTBF estimation based on parts count increase* 
53,000 hrs. - (# of sanaora) * 1000 hra. (Saa aaction 
2 . 2 . 1 ) 


3. SEMSOR AND SYSTEM DEVEL 

3 . 1 EL-OPTIC 




i ISSUES 


P M *«nt flight aarvica implementation of tha EL-OPTIC 
concept is a non-contacting liait awitch function callad a 
"proximity" .witch. Thi. d.vic« weigh. *7 gram. plu.12 
grama of mounting hardware. Praaant cable par Boeina 
specification BMS' 13-59 waigha 3 grama par mater. 

3.1.1 Development Risk 

Each of the sensors for position, pressure, temperature, and 
has bean developed through proof— of— concept 
demonstration. Also a senaor for detecting lubricant debris 
(chip detector) has been demonstrated. These sensors will 
be modest extensions of familiar technology, mainly a 
repackaging effort, and therefore the risks of successful 
d^lop^nt to all specification requirements are quite 


To take these sensors to flight-quality brassboard form for 
operation up to 130 c will realistically require about a two 
year effort, given suitable funding. At this temperature 
a11 ?® c « Mar y components are available today in 
flight quality. Development of each product with little 
further research is required. We would probably choose to 
design the circuits in ASIC form. 1 


The EL-OPTIC sensors are expected to have development and 
production costs modestly greater than equivalent present 

2odu?i*«^, fS In addltlon ' the sensor interface 

module should be modestly more expensive than similar 

present hardware. In both cases, additional components 
compared with traditional sensing are the LED and IDP, but 

h!^. U ! Ual lin * d river/receiver protection devices 

have been eliminated. 

3 . 1 . 1 . l Battery issues 

A suitable battery is critical to the EL-OPTIC concept. A 

J^f V * y i 0f v? l *,i* chnology haa highlighted the lithium* 
thionyl -chloride cell as the most promising candidate for 
immediate applications to 130°c. Advanced solid-state cells 
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are also becoming available that are useful to 200°C 


ELDEC Sensing Systems Division has an ongoing test program 
designed to evaluate and apply this lithium cell technology 
to advanced sensor concepts. A 5500 hour continuous 
exposure test at +130°C under service load has been 
completed on a limited sample size. An 80°C continuous 
exposure test has logged 11 , 000 hours. .Other tests are 
planned. Data from these tests provide information required 
for detailed specification of these cells and define the 
operational envelope for the advanced sensors. Cell quality 
assurance provisions and source inspection requirements are 
. also' being determined during this program. 

Test results support the prediction that these lithium cells 
will operate in this type of application for over 20 years 
without maintenance . 

The lithium primary (non -rechargeable) battery cell has 
gained acceptance with commercial aviation and military 
customers where it is used for computer-memory backup power 
and as primary power for diverse applications such as field 
communication sets and missiles. The lithium cell contains 
no strategic materials and uses only a small amount of 
lithium, which is both inexpensive and abundant. This 
technology, new in the last twenty years, is being 
aggressively developed by a dozen manufacturers. There are 
many types of lithium cells distinguished by internal 
chemistry, size and construction. The type proposed for 
sensor use is a small cell with the lithium thionyl-chloride 
couple. This cell supplies a constant 3.5 to 3.7 volts 
throughout its life and over the -55 to +130°C temperature 
range. Among its important features are a high capacity and 
high performance, very low rate of self discharge leading to 
very long storage. life, hermetically sealed package with no 
leaking or venting, and safety when damaged, crushed, 
shorted or heated. 

This cell design has been extensively tested by the 
manufacturers, the Military and Underwriters Laboratory, 

Inc. and proven to be safe and reliable. ELDEC has also 
developed a method of prolonging useful life in low power 
applications beyond industry expectations. 


ELDEC Doc. No. 011-2870-308, "Application of the Lithium 
Battery to S&lf-Powered Sensors", Jan 1987 
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An anaiysis of »ilitary aircraft, aiuilt, shipboard and 
other similar potential applications shows these 
environments to be less severe in some ways than commercial 
aviation where total flight hours are much greater. The new 
g * n * r ®ti° n of solid-state battery designs will extend the 
useful temperature limits as the technology matures and can 

circuits?*** t0 K ** P P “ With ^P^lities of electronic 

4 

Battery MTBF calculations per MIL HDBR-217E can not be made 

n ? t in tbat document. Such 

i!i ion * Y*Y ld ^ r * quir * •**•"■**• Performance history 
*n??o?£l«-I 5 a K if f!r typ f. of battery and environment 

5 L subject application; such data are not 
ll&blft. However, to provide soste indication of htbp a 
rough model of the lithium electrochemical .y^.B w^ 
developed based on the hermetically sealed eolid tantalum 

iS P J«i t0r Par « M 5 L “ C " 39003# * tyl ® CSR. The result, reported 
reference 5 (presented without comment on its validity? 
showed 4.6 x 10 hours MTBF for the fighter aircraft * ' 
environment (AUF) . 


3. 1.1 . 2 


High Temperature Circuit and Transducer Development 

T° ur ?** fabail the need for development of 
Hi t w? niC ^ circuits and of various sensors which are 

SSrtSSbl! 7 ****** t *J^* r ‘ t , ur " «“» «• pr...ntly 
cnievabie, ,,,,,. Operation over the range -60°c to 


at L 260 o c a f^i ti iiI^Il; , "* In 4 ta9rat * d Circuit Characteristics 
Tran* * n 9ina-Control Applications, " IEEE 

i i ans • on Coup • jjyb - bvih usmt«# — *- « - - - _ 

Dec »79, pp 405. ' 


and Manuf. Tech., Vol CHMT- 2 , Ho. 4 , 


Raoul « in ? 1 %t a1 ;'! High Temperature Electronics 

Aeropropulsion Systems,” IEEE Trans. 


industrial Electronics, Vol IE-29 Mo ~Way “ pp iM.' 


on 


Marvin," High Temperature Electronics Technology. 
“ Pinal Report,” GE Aircraft Engine Business GrouD 
R83AEB637. Contract Mo. N00173-79-C-0010, May *84, pp 1-4 P ' 
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+300°C is needed within 10 years, with some specialised 
sen6or-heads operating to such higher temperatures . Several 
ELDEC studies 1 , have centered on high temperature 
electronic and packaging technologies. 

It is reasonable to extend the present EL-OPTIC sensor 
temperature limit to 175°C based on work done at ELDEC TCO 
on high temperature electronic circuits and packaging, and 
the latest information on battery and LED capabilities. 
Future developments are expected to facilitate extension to 
300°c service temperature without great compromise of 
reliability or service lifetime. Research required to 
develop circuits suitable for use at higher temperatures 
would include the following areas of concern: 

- Electronic circuits: dielectrically isolated silicon 

circuits can be developed for up to 200°C use. Gallium 


10 . Kreitinger, et al., "Full Authority Digital Electronic 
Control, Phase II - Final Report," R82AEB435, Contract No. 
N00019-76-C-0423, Oct '83. 


. G.L. Poppol et al., "Fiber Optic Control System Integration 
- Final Report," NASA CR-179568, R87AEB111, Contract No. NAS3- 
24624, Feb '87. 


. Problem Statement: "Fiber Optic Sensor Development With 
Standard Sensor Interface," 7J7 Fiber Optic Design Build Team, 
BCAC, Feb 4, 1987. 


13 . Eldec Memoranda; GAK85-23 , "High Temperature 
Electronics Study Report," June 23, 1985. 

GAK85-33, "nigh Temperature Electronics Study Report 
Part II," Sept 25, 1985. 

TDR85-10 , "Additional Information on High Temperature 
Electronics," Oct 1, 1985. 

LCW87-4, "High Temperature Gallium Arsenide Packaging," Feb 
6, 1987. 

LCW87-7, "High Temperature Hybrid Circuit," Mar 20, 1987. 
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arsenide, naadad for raduead leakage currant at higher 
temperatures , is suitable to at least 350°C and has 
been proposed for ELDEC use to 300°C. Silicon carbide 
shows promise to 650C , but is a long way from 
practical reality. 

Hermetic enclosure: a concept suitable for a 
connectorisad sensor enclosure fofmat is being 
developed. This concept is compatible with development 
for high temperature applications. 

LED: extrapolation of published data shows satisfactory 
operation (for the EL-OPTIC application) to 200 # C. Use 
at temperatures to 300 # C is promising but must await 
further packaging development and testing. 

Magnetic materials: Curie temperature limits apply. 

Most projected designs avoid the use of any magnetic 

or employ only those having capability above 

300 C. 


Wire: the HML nickel coated copper magnet wire is rated 
to 220 c continuous and has been tested to as high as 
300 C. For use with the EL-OPTIC concept (no self 
Heating) , 300 C seems acceptable. 

3.1.2 Position Sensing 


Recent proprietary advances in our present proximity switch 
technology will assist ELDEC in development of the desired 
higher temperature transducers for limit switch and 
proportional position sensing. With these advances, 

of ■• cond ordar importance, thus 
extending the useful temperature operating range. This 

concept accommodates rotary position as well as linear 
position sensing over both short and long ranges and can be 
pplied to many actuator and valve position sensing applica- 

transducer ** * viable r *P lac *mant for the LVDT position 


I 


% 


% 


u 


hl _ h S £i*S CE NE ? S ' 132 ' P a *® 390 ' «rticle discussing 

b }; b 4 b ** p limitations of 200°C for silicon 

circuits, 250 c for silicon sensors, and 650 # C for silicon 
carbide. 
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An EL-OPTIC 6 inch stroke linear position mensor will weigh 
about 200 grains. The target and associated rod weigh 20 
grains . 

3.1.3 Pressure Sensors 

An ELDEC subsidiary. Transducers Inc., is presently 
manufacturing pressure transducer elements in the ranees 
from 700kPa up to 8000kPa which operate to above 150*C. . 
Since these devices are exposed to 500°C during their 
fabrication, there is not thought to be any fundamental 
technical reason that, they can not be further developed to 
meet the top temperatures required by the subject applica- 
tions. This technology fits well with the EL-OPTIC concept; 
no technical obstacles are foreseen. 

3.1.4 Temperature Sensors 

The standard RTE temperature elements per MIL-T-24388B are 
compatible with the EL-OPTIC concept for use over the range 
-54®C to +500°C. 

The turbine blade temperature measurement is best done with 
a pyrometry technique. This can be accomplished by means of 
a suitable optical fiber probe connected to an EL-OPTIC 
sensing element having a bandpass optical filter. 

The light off detector requires an optical fiber probe 
(sapphire) feeding the ultraviolet light to a special 
filtered detector. 

3.1.5 Fuel flow Sensors 

Eldec Corp. builds a full complement of true Hass Fuel Flow 
systems. The advanced, motorless versions are compatible 
with our EL-OPTIC. concept, with improved EMI performance. A 
proof -of -concept model of suitable sensor electronic 
circuits has been built and no technical problems were 
found. 

3.1.6 Other Sensors 

Our lubricant debris M chip detector" is a proportional 
readout device capable of responding to and grading the 
presence of permeable chips (and chromium flakes) down to 10 
milligrams in site. It has 100% coverage of the flow 
through a 1/2 inch tube, and operates in a high temperature 
environment. This device does not remove or trap the chips. 
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but performs only the sense function. 

Eldec Corp. has not yet investigated EL-OPTIC versions of 
rotary speed, vibration, or fluid level sensors. 


3 . 2 TDIN 

This section discusses the status of TDIN and presents 
technology improvements required by the 1990* s time frame to 
achieve its full capability as a building block for enhanced 
system configurations. 

* 

In the late 1980 's, TDIN is showing promising results as a 
high accuracy reference scheme for analog intensity sensors. 
Testing has shown that accuracies of better than 1% are 
possible over greater than 10 dB of optical signal range. A 
sensor temperature range of -55*C to +200°C (for a short 
interval) has been demonstrated with small temperature 
coefficients. The electronics is operational from -55°C to 
125°C with approx . 15 sq. inches of board area using 
standard components. However, improvement is still 
envisioned, and it is the technology as a whole (its 
components, standards, etc.) that must be given attention. 

Fiber optics technology is maturing nicely for the 
telecommunication sector, but is not yet mature for the 
aerospace sector. Many performance needs are related to 
harsh environmental issues. To meet all the objectives of 
the late 1990 *s, technology developments are needed to 
address a few fundamental issues: 

3.2.1 Optical Power Margin 

Higher power LED-type sources are needed to provide more 
power margin for increased versatility in system 
configurations. Sources with broad spectral width (>10 run) 
are necessary to minimize modal noise to better than (the 
equivalent of) 12 bits. 

Receiver configurations and sensitivities need to improve. 
The aerospace industry needs an integrated PIN 
detector/preamp that has a wide thermal range and also has 
high sensitivity on the order of 50K ohms or better NEP in a 
100 MHz or greater bandwidth. 

Correspondingly, connector losses must be reduced. 

Aerospace installations are (so far) connector- intensive and 
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connector losses have been the dominant source of loss. In 
every case, power budget is a critical issue, and 
interactively limits resolution, response tine, 
configuration versatility, temperature range, power 
consumption, etc. 

Multimode fibers need to have higher HA's to allow higher 
source coupling and better resistance to bending losses. As 
a closely related issue, TOIN uses a delay coil, and to 
design smaller sensors, a smaller diameter is preferred. 
However, bending losses are temperature-dependent, and a 
tighter coil will have a higher temperature coefficient 
unless a corresponding higher NA is used. 

3.2.2 Connector Reflections 

Low-reflection connectors are required to attain full 
accuracy over any possible variation of interconnects. TDIN 
has a slight sensitivity to connector reflections in that 
the resulting small spurious signals act as error or noise 
sources. A pair of normal— reflection connectors can 
contribute as much as 0.5% of steady— state error. 

If connector reflections are reduced sufficiently, single 
fiber architectures are conveniently possible, reducing 
interconnect complexity by 50%. 

3.2.3 Couplers 

TDIN presently uses a coupler to establish a separate path 
for the generation of the reference signal. In the future, 
such a reference could come from an in-line partial 
reflection, but much development is necessary for thi6 
technique to approach the performance of the coupler method. 

TDIN performance at this time appears to be limited by the 
fused coupler's splitting ratio sensitivity to temperature 
and modal input variations. To maintain 1% accuracy, the 
coupler's contribution must be a fraction of this — but 
some types have shown splitting ratio drift of close to 5%. 
Modal conditioning can solve the modal sensitivity, but this 
is invariably achieved at the cost of optical power loss. 
Both modal and temperature response can potentially be 
improved with more "geometrically" based coupler designs. 

The present size of fused couplers is also a problem. Their 
packaged length of 1 to 1.5 inches is restrictive in the 
design of small sensors. 
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The long term temperature range of couplers (approx. -55°C 
to 125°C) ia the limiting factor in the capability of the 
TDIN optics. (The fibers and other optics are capable of 
operation near 400C) . With fused couplers, the limitation 
is a result of the epoxies used.. To attain 200°C or higher 
operation, packaging must be improved. , 

For system configurations, a wider range of couplers is 
required. These should include symmetric and asymmetric 
couplers with ranges of 1x2 up to NxN. - Presently, the best 
couplers are fused 2x2, although new approaches are 
appearing. ' 

3.2.4 Electronics 

A custom chip-set is needed for TDZN to reduce the 
electronics area. It is important that these chips be 
designed to operate at the 4125*0 temperature found on 
engines. A vision of two custom IC's shows one analog chip 
for the receiver front-end and one for the transmitter and 
other digital/ switching functions. A third chip may be 
appropriate as a controller for multiplexing functions. The 
present TDIN electronics is capable of 125*C operation, but 
uses discrete IC's and occupies approximately 15 square 
inches (one sided) . 

The source/detector/preamp issues were mentioned above. In 
addition, TDIN performance will be improved with higher 
bandwidth circuits. Higher bandwidth results in better 
immunity in all aspects of timing error including delay line 
length mismatch. Also, as frequency capabilities improve, 
shorter delay lines are possible, resulting in better sensor 
thermal stability and smaller size. 

3.2.5 Interconnect. Reliability 

A serious limitation to any fiber optic installation aboard 
aircraft will be the reliability/maintainability of the 
connectors and the cable. See section 3.3. 

3.2.6 TDIN Summary 

In response to the specific requirements listed in 
Attachment A of the SOW, 1% or better accuracy over 
temperature is presently a challenge, tout we ere optimistic 
that it can be improved with time. The primary present 
cause of this difficulty is coupler stability over 
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temperature. +/-2% is achievable now with careful selection 
of components . 

3.2.7 Position Sensors 

To date, ELDEC has concentrated its TDIN efforts on position 
sensors, and two approaches have been used with different 
advantages . The first, Kacrobending , is en intrinsic 
concept which cannot be contaminated by dirt and moisture in 
the optical path. Its limitations are ripple in the 
response (on the order of +/“!*) » and some sensitivity to 
modal variations. The other concept uses a unique "neutral 
density" variable transmittance analog code plate, which is 
-an extrinsic approach that have excellent linearity and 
virtual independence of modal variations. 

As of this writing, both of these approaches have 
demonstrated good results, but optimisation is still 
required. The main concern is sealing against environmental 
effects. Some improvement in linearity and power loss is 
still desirable. 


3.2.8 Temperature Sensors (except Turbine blade) 

TDIN is well suited to the measurement of temperature. 

ELDEC has not yet developed temperature sensors, and 
specific mechanisms are not chosen. Some possible concepts 
include using the differential change in core and clad 
refractive indexes to provide a NA change within a 
macrobending coil biased in a sensitive region, a variable 
gap approach with a bimetallic mirror, a temperature- 
dependent refractive index cladding, microbending, or fixed 
end gap with a variable-index gap-fill to modulate the 
optical distance. 

The temperature ranges in Attachment A are of concern 
(+350C) , but once solved, there is nothing inherent in the 
use of intensity concepts that prevents TDIN from being 
used. The challenge will be temperature probe design. 

3.2.9 Pressure Sensors 

TDIN is also directly applicable to the measurement of 
pressure. ELDEC has not yet developed pressure sensors, and 
again, specific mechanisms are not chosen. Presently 
envisioned concepts are the use of bellows 
expansion/compreskion against a macrobending coil, and 
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microbending or end— gap modulation with a diaphragm. 

As with temperatura sensors, tha tamparatura ranges in 
Attachment A are of concern (+350C) , but once achieved, 
there is nothing inherent in the use of intensity concepts 
that prevents TDIN from being used. It is a matter of 
pressure probe design challenges. 


3.2.10 Other Sensors 

TDZN is most useful with parameters that are "DC" in nature. 
Considering Attachment A, these are the sensors that are 
discussed directly above. 

The other sensors on the list of Attachment A can also be 
configured with the TDIN approach (TDIN would provide a 
sampling function of the parameters), but since they are 
M AC N in nature or measure relative event timing or event 
rate, other interface approaches are more suitable, at least 
as far as single channel sensors are concerned. However, 
when considering system issues, it may make sense to 
modularize the interface to allow aspects such as the 
transmitter and the receiver detector and amplifiers to be 
common and shared by any and all similar and non-similar 
sensors but have different post-processing units. This 
approach would allow the use of multiplexed fiber paths as 
well as the electronic front-end sections for any variety of 
sensor types. The post-processing units would be serially 
switched in conjunction with the type of multiplexing used. 

This issue mist be resolved by evaluation of the logistics 
and reliabilities involved. If non-similar sensor types are 
combined in this way, then the total numbers of electronic 
front-ends, connectors pins, and fiber paths are reduced; if 
separate interfaces are used, the advantage will be 
generally simpler (although more of them) individual 
interfaces. 


3.3 Needed technology developments - general 

3.3.1 Interconnection Development and Testing 

A considerable developmental effort is necessary to arrive 
at better concepts for aircraft fiber optic wiring 
practices, especially for engine application. These 
concepts will need to be given a thorough shake-down by the 
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3.3.2 


engine and airframe manufacturers culminating with in- 
service flight testing. 

Interconnection Tool Kit 

A simple tool kit is needed for handling all fiber optic 
interconnection tasks. This should require only low oost, 
uncomplicated, hand held devices requiring minimal 
calibration so that functional tools can and will be made 
available at remote locations or can be carried on the 
aircraft. 

3.3.3 On-aircraft Repair Methods 

Effective means are needed to determine the location and the 
nature of fiber optic cable/hamess/connector defects. 
Present OTOR devices have been designed for 
telecommunications use and are unsuited, as well as being 
much too expensive, for aircraft use. 
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1.0 DRSODQCTIQM 


This report covers information pertaining to the design of fiber optic 
sensors that are based upon wavelength division multiplexing (WDM) techniques. 
Information is provided for rotary and linear position sensing, rotary speed 
sensing, and pressure and temperature sensing. Rotary position, linear 
position and rotary speed sensing design information is outlined in detail. 

The design of the devices for measuring temperature and pressure is not shown 
for proprietary reasons. However, adequate detail such as power budget, 
required spectral bandwidth, sensitivity, and certain electronic interface 
detail is given. 

The relationship between sensor and electronic interface design is 
discussed. Several concepts for sensor multiplexing architectures are also 
presented. 

The list of 17 questions presented as a part of the data requirements has 
been addressed. 
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2.0 


Rotary and linaar position, rotary speed, pros sura and taaparatura sansors 
will ba cassidered hara. Fluid laval sensing- doas not seem tractabla using tha 
proposed system, and although it nay ba possibla to attack tha problaa of 

i 

light-off detection and fluid flow, implementation using an intar faca of tha 
typo d 1 scmb sed hara saaas nontrivial. 

2.1 Rotary & Linaar Position Sansor Dasign 

Ona amy of accommodating variations in optical povar laval dua to sourca 
degradation,, fibar loss variation, connactor variations, and so forth, is to 
usa a dlgtfcal systaa which allows fluctuations in signal laval so long as tha 
lavals coavasponding to "on" and "off" statas straddla tha lina raprasanting 
tha caapsnetor thrashold. Litton proposas use of such technology for rotary 
and linaar position and rotary spaad. 

2.1.1 RaO.se tiva Approach 

la Litton raflactiva position sansor systaas, ona optical fibar serves as 
both injection and pickup for tha optical system. Tha injected light is 
collimated by tha GRIN Ians and dispersed by tha grating. A chromatically 
disparaad strips of light is than focused onto tha coda tracks by tha sans 
Ians. Blur s there is a raflactiva track, tha light is reflected back into the 
Ians. It than propagates back through tha optical systaa to ba refocused into 
tha fiber. Tha returning light contains wavelength band digital information 
concerning the relative position of tha Ians and coda plate. 

Figaata 2-1 shows tha elements of a raflactiva position sansor systaa. 

This systasa consists of a broadband sourca, a power splitter, an optical 
demultiplexer , and tha detection and decoding circuits. The interface is 
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TRANSMITTED THROUGH A WDM SYSTEM 


FIGURE 2-1 
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generally located some distance from the sensor. In the configuration shown, 
the power splitter is located with the interface electronics and a single fiber 
connects the sensor. In some cases, it nay be desirable to use two fibers to 
connect the sensor to minimize connector back-reflections, in which case the 
power splitter wouuld be packaged with the sensor. 

Figure 2-1 also illustrates in a stepwise fashion the Banner in which 
broadband energy is transmitted through the system. One method of producing a 
broadband (700 nm to 900 ha) source is to combine the output of multiple LEDs. 

A white light source is another means of providing energy in the 700 to 1000 nm 
region. However, serious consideration may not be given to this type of 
source for applications that require the sensor Interface to be mounted in a 
high vibration and high temperature environment. 

It can be seen from the diagram that the source spectral width must be 
adjusted to accomodate the number of reflective tracks and guard bands on the 
code plate. More than one LED may be required to illuminate a ten bit code 
plate with guard bands. When considering the design of a code plate, a minimum 
track width must be maintained to insure that a detectable power level is 
reflected to the demultiplexer. Guard bands must be scaled to minimise 
crosstalk between channels while holding excess loss to a minimum. 

Photodiode arrays or discrete photodiode receivers with the appropriate 
pre-amplifier and post -amplifier circuits are used to detect signals coming 
from the optical demultiplexer. Trade-offs between detection techniques are 
made in terms of sice, sensitivity, stability with temperature, dynamic range, 
and circuit complexity. Standard decoding circuitry is used to translate the 
Gray coda pattern into a binary output. 

Figures 2-2 and 2-3 show currant Litton linear and rotary eensor designs. 
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FIGURE 2-2 Litton Linear Position Sensor 




2.1.2 Transmissive Approach 

A disadvantage of the single fiber position sensor concept is the 
sensitivity of the system to light reflected back through the fiber by 
connectors and the internal optical surfaces of the sensor. This problem may 
be overcome by using a transmissive code plate and a two fiber system* as shown 
in Figure 2-4. Rather than reflecting the light* the code plate allows the 
light of interest to be transmitted into another lens-prism-grating assembly* 
which refocuses it into a second fiber. This approach will increase the on-off 
ratio from 10 dB to over 20. 

2.2 Rotary Speed 

Rotary speed is sensed using a simple concept (see Figure 2-5). Light is 
transmitted from an optical fiber through a lens and onto a rotating surface. 

As the surface rotates* reflective areas pass through the focused spot causing 
intermittent reflection. The frequency of the returning waveform is 
proportional to the speed of the wheel. 

A two fiber rotary speed sensor is constructed using two lenses and a 
transmissive wheel with intermittent opacity which causes the light path to be 
interrupted at a rate proportional to the rotation of the wheel. This output 
signal may be interpreted by an interface identical to that used for the 

I 

reflective approach. 

2.3 Pressure* Tesiperature (Analog Sensing) 

The greatest difficulty encountered in multimode analog sensing is how to 
deal with source and system degradation without suffering loss of accuracy. 

Once a calibration curve is established* any change that occurs in connector 
and fiber loss* any change in LED output power* or a change in detector Figures 
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FIGURE 2-4 

TrensmJssive Encoder Concept 
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FIGURE 2-5 
Rotary Speed Sensor 


Striped 

wheel 



When the light focused onto the wheel encounters a reflective area, it is returned 
to the fiber and propagates through It. 
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sensitivity, is interpreted ss a change in the measurand. However, it is 
possible to deal with this problem by using an appropriate reference scheme. 

Kostft of these problems result in a multiplicative effect on the signal - a 
signal twice as great suffers twice as great a change in power level. This 
problem! imay be remedied by using sensors which output two optical levels to 
enmpausmte for system changes. 

Ibm information provided in Figure 2*6 was collected from a WDM based 
device tihat addresses the problem of component drift. This device is based on 
e technique that compensates for LKD drift in output power, changes in detector 
sensitivity, and changes in system optical attenuation. A translation of about 
on * kslff core diameter yielded a change in output of approximately 40 dB. By 
modifying the device slightly, this output range can be made to correspond to a 
movement «f one core diameter, or about .002” for 50 micron fiber. This is 
roughly fthe linear range of the device, and pressure and temperature changes 
■u>t be transformed into linear motion of this magnitude. 

le one-fiber systems, problems associated with connector backref lection 
are to be minimised. 

2.3.1 Pressure 

Thm sensor concept described above may be used to sense pressure, if a 
diaphragm is used to actuate the device, as shown in Figure 2-7. The mass of 
the Uafcnge used to connect the diaphragm to the sensor device should be 

2.3.2 temperature 

Tbm fiber optic temperature measurement techniques discussed here 
three forms: optical pyrometry, sensing thermal expansion of some material. 
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FIGURE 2-7 
Pressure Sensor Concept 
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A pressure sensitive diaphragm provides the .002" to .004' 
bj the sensor eystem depicted in Figure 9A. 


interface 


movement required 




and temperature dependent optical properties of thin films.. Each of theje 
techniques is best suited to its own temperature range. 

Optical pyrometry is shown in Figure 2-8. The relative intensities at 
different temperatures is given by Planck's blackbody radiation levs, modified 
by the specific nature of the materials Involved. 

Figures 2-9 and 2-10 show temperature sensors which operate using thermal 
expansion of some material. The setup pictured in Figure 2-9 uses the 
expansion of a rigid rod. The amount of movement which results is dependent on 
the length of the region subjected to the temperature and the thermal expansion 
coefficients of the materials involved. 

The system pictured in Figure 2-10 uses an hydraulic system to provide the 
actuation. These hydraulic systems can be designed to provide move men t of up 
to .050" or so over a couple of hundred degree range. The device required in 
this sensor system needs to have a travel of only .002" to .004". 

2.4 Meeting UTRC Requirements 
2.4.1 Linear Position 

All of the linear position sensing requirements specified by UTRC have + 
1Z accuracy. This translates into a total accuracy range of 2Z. Code tracks 
are added for each binary bit of accuracy required. The 2Z range requirement 
falls between 5 bits (2.125Z) and 6 bits (1.5625Z). Therefore each linear 
transducer can be accommodated using e 6 track code plate. It should be noted 
that the code plate has a better resolution than required by the application. 
This difference can be used to add stability to the interface circuit. The 
difference between the code plate accuracy (1.5625Z and the accuracy required 
by the application (2.0Z), or 0.4375Z, can be used to set e differential 
electrical threshold between a state coming on and a state going off. Rather 
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Redtant energy emitted by the object Is collected by • lens system and transmitted through an optical liber, where i 
Interface system compares the power levels at two different wavelengths (pictures Xj andX 2 - 1.1 and 1.8 microns). 
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Thermal Expansion of Rod 
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A movement of *002" can be expected to result from a sensor bar length of 1", given 
a 200C range. The resulting output can be analyzed in the interface by ratio of power 
at Xi to that at . 




FIGURE 2-18 

Fluid Reservoir-'fype Temperature Sensor 




than having a single threshold which Bakes the least significant bit 
indeterminant for sensor positions right on the threshold, a differential 
threshold creates a range which must be traversed in order to change states. 

As long as this traversed range is less than 0.4375Z the accuracy required by 

the application (2%) is not degraded. 

The minimum length of a reflective code track in the position sensor is 
1.5 core diameters. Shorter tracks result in poor optical modulation, 
compromising the function of the device. Without the use of a multiplier 
technique (see Section 3.2), this minimum track length is the same as the 
minimum state length. 

The tightest accuracy specification indicated in the FADEC sensor table 
(Appendix 1) is + .05 cm, or 500 microns. Full accuracy is therefore 1 mm. 

This noses no problem with either 100 micron or 50 micron core fiber. 

Six tracks require a source spectral width of 80 nm using 50 micron core 
fiber, and 155 nm using 100 micron core fiber. 

2.4.2 Rotary Position 

The accuracy required of this sensor is + 0.15X. This can be accommodated 
by a 9 bit device. Such a 9-bit device may be obtained in two ways. 

The first way is to use 9 code tracks. Assuming 50 micron core fiber, 
this requires a code plate radius >0.666 inches. The optical bandwidth 
requirestent is 110 nm. 

The second way involves the use of a multiplier technique. By making two 
duplicates of the finest track and reproducing each out of phase with the 
original, the resolution can be increased by a factor of 8. This increases the 
number of tracks required to 10, but allows the reduction of the code plate 



radius to 0.333". Tha optical bandwidth raquirad with this tachniqua is 115 
™i assuming 50 micron cora fibar. 

2.4.3 Prassura 

» 

A stainless steal diaphragm can easily give tha raquirad 2-4 mil. movement 
over tha given ranges, as shown in Figure 2-7. A 40-50 dB range of output must 
correspond to tha full prassura range. This is no problem, given tha 
sensitivity of the wavelength modulation device and the pressure ranges 
specified in the table. The accuracy specified (best - + 0.4Z) requires 
recognition of a .15 dB change in ratio. 

The time constants indicated by the table (some as fast as 3 ms) do not 
appear to be a problem. Manipulating the diameter and thickness of the 

diaphragm to obtain fast response time must be combined with damping to 
minimise ringing. 

2.4.4 Temperature 

Both of the thermal expansion based sensors discussed here have the 
disadvantage of high thermal mass. Tim. constant, on the order of a second are 
to be expected from such devices, and it 1. not obvious how to decrease this 
value to the 7 to 40 as required here. 

Optical pyrometry 1. suitable for the turbine blade temperature sensor 
(500-1500°C) requirement. Accuracy may or may not be a problem - further 
testing is required to determine this. 

Another possible method of sensing temperature involves the use of thin 
films whose optical properties vary over the temperature range of interest. 

Thu. fllu would b. «u«bl. to th. .u. u.iog technique to ........ 

dapwdmc on oonn.ctor lou «nd/or »ourc. d.»t.d«lon. Such ..n.or. would 

/* 



require the developoent of special Materials having optical properties tailored 
to the specific sensing application. If such technology were used, the sensor 
could be renoted from the high thermal inertia optical systems, and iruch faster 
time constants could be expected. 

» 

2.4.5 Rotary Speed 

If 10 reflective sones per revolution are used, a device capable of 
registering 650 to 19000 + 7 rpm with an update time of 10 ms is no problem. 
Discrete detectors are required, however, as the CCD circuitry is unsuitable 
for applications involving frequency counting. 



The interface system consists of an optical system and an electronic 
asystem. The two will be considered separately below. 

3.1 Optical System 

The optical system consists of a light source subsystem and a detection- 
demultiplexing subsystem. 

3.1.1 Light Source 

LED's, either alone or in banks, are believed to be the most promising 
feight source to be used with these sensor designs. 

Optical power budgets (see Section 4) are the major determining factor in 
IKhe selection of fiber diameter for use in these devices. Fiber diameter, in 
tmrn, determines the required spectral width of the sources to be used in these 
systems. 

Six bit digital sensors using 100 micron core fiber require about 155 nm of 
Sptical spectral width per device to function. At least two LED's must be 
combined to give such a width. 

If fifty micron core fiber can be used in these sensors, however, only 
■bout 80 nm is required. This can be supplied by a single LED . 

Analog sensors require only about 30 nanometers each if they are 100 micron 
■ore devices, and 15 if they use 50 micron fiber. A single LED can power two 
to five of these devices. 

3.1.2 Optical Detection 

The optical detection system may be one of three different configurations, 
two of which Involve the use of a CCD array and the other of which uses a WDM 


vith discrete detectors. The sinplest CCD system uses e single fiber* lens- 
pr ism-grating assembly, achromatic lens assembly (1:1 projection system), end a 
linear CCD array (see Figure 3-1). A sort of optical spectrum analyzer is 
formed vhen a chromatic stripe created by the fiber-lans-grating assembly is 
projected onto the CCD array. 

The following power budgets depend heavily on the performance of CCD 
detector devices. Experiments at Litton Poly-Scientific have yielded figures 
for Thompson CSF model TH78062 linear CCD array. This array consists of 256 13 
X 13 micron pixels in a linear arrangement. More research on other devices 
needs to be done to find an optimum device for these applications. 

The responslvity of the CCD array has been determined to be linear vith 
the integration time over the range 2.5 ms to 27 ms. With the integration time 
set at 27 ms, a responslvity of 70 V/nW/pixel was measured. This gives the 
following responslvities given the UTRC update time requirements: 


Update Time 
(ms) 

5 

10 

20 

40 

120 


Basponsivity 

(V/nW/pixel) 

13 

26 

52 

104 

312 


It is believed that a minimum signal of 0.5V is required for reliable 
detection. This corresponds to: 


zu 
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FIGURE 3-1 

Optical Interface (Single fiber CCD T^pe) 


f 



A spectrally dispersed optical stripe, formed on the surface of the GRIN lens. Is projected onto the pixel array of the 
CCD chip. The output of the linear array can then be used as a set of discrete outputs would be. The position of 
the pixels determine the respective wavelengths Incident upon them. 




Update Tine 
(ns) 


Min. Signal Req'd 
(pW/plxel) 


5 

38 

10 

19 

20 

10 

40 

5 

120 

2 


Although the linear dispersion remains constant regardless of the diameter 
of the fiber used to inject light into the optical system, the width of the 
chromatic stripe projected onto the CCD array is proportional to the fiber 
diameter. Since the pixels on the CCD device used in these tests are smaller 
than the diameter of any of the fibers used, the power intercepted by each 
pixel is roughly inversely proportional to the fiber diameter. 

Calculating the resultant sensitivity in terms of power/wavelength, we get 
the following: 


Sensitivity of CCD Array (pW/nm) 




5 

10 

20 

40 

120 Update 
time(ms) 


50 

94 

47 

25 

12 

4 


100 

187 

94 

47 

24 

8 

fiber 

diameter 

(microns) 

200 

374 

187 

94 

48 

16 


NOTE: 

Use of 

a CCD with greater pixel width (dimension 


will certainly result in better performance and reduced 
sensitivity to increase in fiber diameter. Exact (or even 
reasonable) estimates of these effects are difficult 
without testing such devices. 


A more complex system is pictured in Figure 3-2. Several fibers may have 
the same spectral content and still be dispersed by the same optical system. 

If a linear CCD with elongate pixels is used, only one fiber may transmit light 
at one time, complicating the light source scheme and making it more difficult 
to empower more than one leg with a given light source. However, if a CCD area 
array were used, all fibers might be on simultaneously without compromising the 
device. 

On the other hand, if a reliable electro-optic or other switch could be 
found, it might be possible to use the same LED source for a multiplicity of 
sensors, making simultaneous reading of sensors unnecessary. Further research 
in this area is planned for the future. 

Figure 3-3 shows an Interface concept which uses a fiber optic WDM and 
discrete detectors. Although six or seven of these detectors would be required 
to decode only one digital position sensor, only two are necessary for an 
analog sensor of the type discussed in 2.3.1. 

Litton has built a prototype rotary/linear position sensor system using a 
WDM and discrete detectors. The receiver sensitivity was about -70 dBm, but 
some problems with stability were noticed. At present, it seems necessary to 
reduce the amplifier gain in this type of receiver to combat these 
instabilities, so a sensitivity of -55 dBm is anticipated for this type of 
receiver. 

optic WDM's made with different fiber slses have similar insertion 
losses at peak wavelengths, but their channel spectral widths differ. These 
values are approximate (using standard Lit£on components). 


I 
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Up to 20 spectrally dispersed optical stripes, formed by the GRIN lens, are projected by a lens system onto either an 
area CCD array or a linear one with long pixels . 




FIGURE 3-3 

Discrete Detector Interface 


input liber 
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discrete detectors 


WDM 


Although it its not recommended to attempt to multiplex multiple digital sensors using this 
concept, up to N/2 analog sensors may be multiplexed in this way. 



Fiber Sizo 


Channel Width ' 


200 micron 
100 micron 
50 micron 

The sensitivity of systems using 

fiber diameters is given below. 

Fiber Diameter 
(microns) 

50 

100 

200 


18 nm 
9 nm 
4.5 nm 

discrete optical detectors and differing 
Sensitivity 

ifiSlssi 

700 

350 

175 


The spectral range of all three of these optical systems is approximately 
300 nm, limited by the use of a 5 am GRIN lens with a 1200 groove/am grating. 
Other optical systems might be used if this range is found venting, or if 
greater resolution is desired. 

3.2 Digital Sensor Interface Circuits 

A digital interface circuit is used with rotary and linear position 
sensors as veil as rotary speed sensors. As previously discussed, the code 
plate has tracks which have reflective and non-ref lective regions. The two 
optical properties correspond to the two binary states, on and off. These 
tracks are aligned such that at any given position the stete of each track can 
be detected and compiled to resemble some sort of code, whether it be Gray code 
or binary code. There are several electronic configurations that can be used 
for digital systems. They are discussed in the following sections. 
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3.2.1 Single Sensor Digital In tar faces Using a CCD Array' 

The circuitry required for a single sensor digital interface using a 
linear CCD array is shown in Figure 3-4. A breadboard version of this circuit 
is scheduled for completion in September 1988. The code plate has tracks, each 
corresponding to a Gray code channel. Each track has reflective and non- 
reflectlve surfaces which correspond to "l's" and "0's". A broadband light 
source is chromatically dispersed and then focused onto the code plate. Each 
Gray code channel reflects a unique wavelength band of light back to a single 
fiber. A lens-prise-grating assembly then separates the light on that fiber 
back into individual channels of light which are projected upon a CCD array as 
shown in Figure 3-1. 

A CCD array can be thought of as a row of detectors, each of which has a 
small active area (13 by 13 urn in the present device). The CCD array presently 
under consideration has 256 detectors (pixels). Since it would require a very 
large package to have a connection to each pixel, the information from each 
pixel is read serially. Within the CCD, this is done by putting each detector 
in wit ^ * capacitor. At the beginning of an integration cycle, the CCD 

circuit charges all the capacitors to a certain voltage. During the 
integration cycle, each detector discharges its respective capacitor at a rate 
determined by the amount of light hitting the detector. At the end of the 
integration cycle, the voltage on each capacitor is stored so that a sequential 
read of those voltages can take place. A shift register then sequentially 
shifts out those levels. 

Bach channel reflected from the codeplate takes up several pixels of the 
CCD array. In this design, we have chosen to look at only the pixel which 
falls in the center of each channel. Thus, if we had 15 Gray code channels, 
only 15 of the 256 CCD pixels would be used. Since the reaponslvity of the CCD 













array changes across tha broad light spectrum, and tha light spactrum itsalf is 
not "flat" with raspact to power, tha rafaranca/thrashold circuit aaploys a 
rafaranca scheme which assures that aach channel's state (1 or 0) can be 
determined. A shift register converts tha serial Gray coda output of tha 
rafaranca/thrashold circuit to a parallel output for tha Gray to binary coda 
converter. Tha CPU interface and data latch circuits permit tha user's CPU to 
read data asynchronously. Tha controller functions as a timing and rnmninii 
generator for tha interface. 

A potential problem with this configuration could be that fired reference 
levels are used in deciding whether a pixel is on or off. If the CCD has 
significant dark current increase over temperature, or the LED spectrum shifts 
over temperature, the reference level may no longer reside between the on and 
the off state. A large optical on-off ratio at the CCD array may allow for 
eubstantlal shift in on-off levels without violating the reference requirement. 

Signal processing time may be another area of concern. The output signal 
amplitude of a CCD array is directly proportional to the integration time. 
Therefore, if greater signal amplitude is required, a long integration time 
will be necessary, resulting in slow processing times. 

Since this circuit has already been designed and a breadboard is being 

built, an accurate parts count and area calculation was possible. The 

following parts are necessary for this design: 

(9) Integrated Circuits 
(2) Transistors 
(2) LED's 
(4) Diodes 
(53) Resistors 
(18) Capacitors 
(1) Linear CCD Array 

With present technology, the calculated power consumption of the 
electronic interface is 6.6 watts. Three IC's in the circuit consume the 
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greatest percentage of this power. At present* these particular IC's are not 
available in CMOS with extended temperature range. One of ’them will be 
available in CMOS by December 1988. This will reduce the power requirement by 
1.5 watts. If the other IC's were to go to CMOS, a reduction of another watt 
could be realised. 

With standard sise parts (DIF packages and leaded components) and a two 
sided circuit board, the estimated board area required by the circuit is 23.8 
square inches. With surface mount technology (leadless chip carriers, chip 
resistors, etc.), and siultilayer copper* invar-copper boards, the required area 
would only be about 12 square inches. 

Using the procedures outlined in MIL-HDBK-217E, the mean- time- between - 
failure of this circuit was calculated to be 2.2 years. If the CCD array were 
left out, the MTBF would be 93.2 years. Since there was no established 
procedure for calculating the reliability for a CCD array, it was assumed that 
the CCD array was made of 13 individual PIN diodes, since only 13 pixels are 
used in a 12 bit system. 

3.2.2 Single Sensor Digital Interfaces with Discrete Detectors 

The circuitry required for a single sensor digital interface using 
discrete detectors is shown in Figure 3-5. Litton Poly-Scientific has built a 
prototype of this system excluding the CPU interface and data latch circuitry. 

A broadband light spectrum is projected upon a code plate as previously 
described. The returning light from the codeplate is demultiplexed by a WDM 
such that the WDM has a separate output fiber for each channel. Bach output 
fiber is routed to a separate receiver. The receiver outputs are than sent to 
comparators with fixed reference voltages. A TTL level is seen at the output 
of each comparator, corresponding to the state of a Gray code channel. 
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FIGURE 3-5 

Stngfe Senior DI|ltal Interface with Pin Dlodo Deletion 
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Modulator 




















The comparator outputs are routed to a Gray-to-binary. code converter, and 
then on to a data latch. The CPU interface makes sure that no data is read 
during the sample period and that the latch is not updated during a read. 

An advantage of this configuration is that its data refresh rate is fester 
than that of a CCD configuration because a serial- to-parallel conversion is not 
necessary. A drawback of this configuration is the sice. Currently, the 
electronic circuitry and optics fit into a 8.5" x 10" z 3.5" box. Also, as 
before, the reference voltages are fixed, perhaps making temperature stability 
difficult to achieve. Hultiplexing the detectors and reference voltages could 
help reduce the size. At first glance, this would appear to be such like the 
CCD configuration. However, in this case the detector circuitry is accessible 
for temperature compensation, whereas in the CCD circuitry the pixel 
multiplexing circuitry is in the chip, smking it Inaccessible. 

Some development work is necessary in order to put an array of detectors 
on a substrate with multiplexing and temperature compensation capabilities. It 
is likely that the power consumption on the present prototype would drop from 
10 watts to about 5 watts using such an array. The sise requirement would be 
similar to that of the CCD system. 

3.2.3 Rotary Speed Sensor Interfaces 

An interface circuit for a rotary speed sensor could be configured as 
shown in Figure 3-6. It is assumed that this interface would have an update 
time of 10 ms, a maximum speed of 19000 rpm, a minimum speed of 650 rpm, and e 
maximum error of 7 rpm. The 10 as update time and minimum speed requirement 
mandate that the code plate have one track with 10 on/off states around the 
circumference as shown in Figure 2-5. As shown in Figure 3-6, the reflected 
signal from the code plate would be detected with a pin diode detector. 
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FIGURE 3-6 
Speed Sensor Interface 



Interface 






uplifted, and differentiated. The differentiated signal would show up as 
•spikes. The comparator would determine a valid leading edge in the waveform. 

The digital output of the comparator would be sent to a 12 bit counter 
which would count the number of pulses detected due to the movement of the code 
plate. There will be 10 pulses counted for every rotation of the code plate. 

If an update time of 1 ms is used, a 12 bit counter is necessary to count the 
number of pulses at the highest rotational speed, 19000 rpm. The controller 
resets this counter every 1 sis. 

A ■«*<»"■■« error requiresient of 7 rpm at 19000 rpm mandates that the 
naximum error of the timer must be less than +/- 1 us. 

The lookup table converts the counted pulses to RPM in a format determined 
by the user. The CPU interface controls the data latch according to the read 
instructions from the CPU and the data ready instructions from the timing 
circuit. 

The circuit area required by this interface would be approximately 12 
square inches with surface mount technology. Power consumption is predicted to 
be about 3 watts. 

3.3 Analog Sensor Interface Circuits 

Analog sensor systems perform analog operations on one or more light 
channels. The analog systems discussed in this paper generally process two 
analog signals per sensor. This analog information is converted to a digital 
word for input to a CPU. The following sections outline two electronic awns 
for processing this analog information. 
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3.3.1 Single Sensor Analog Intorfacas using CCD Array a 

A block diagram showing tha circuitry raquirad for a singla analog sansor 
using a CCD array is shown in Figuro 3-7. Tha signals that ara to ba procassad 
ara projactad onto a linaar CCD array. A controllar ganaratas tha intagration 
and raadout timing signals for tha CCD array. Sinca tha two signals ara 
••r tally shiftad out of tha CCD* a saapla and hold circuit is nacassary for 
both channals to ba procassad simultanaously. 

Tha analog signal is converted to a digital word which is usad to salact a 
valua from a lookup tabla. Tha lookup tabla is usad to customisa tha intarfaca 
for a spacific application. 

Tha physical size of this circuit is estimated to ba 9 squara i nc hes using 
surface mount technology. Power consumption is predicted to ba 3.5 watts. 

3.3.2 Singla Analog Sansor Interfaces Using Discrete Detectors 

Tha circuitry raquirad for a singla analog sansor using discrete detectors 
is shown in Figure 3-8. Discrete detectors simplify tha circuit requirements. 

In this system, tha two signals ara separated and directed via individual 
fibers to individual detectors and amplifiers as shown in Figure 3-8. Sinca 
tha two signals are read s i m u ltanaously, no saapla and hold circuit is 
nacassary. Instead, tha two signals ara continuously procassad by analog 
processor. Tha controllar insures that tha A/D conversion time restraints ara 
not violated. Tha lookup tabla and CPU intarfaca functions ware described in 
the previous section. 

This design shows more promise than tha CCD version since it allows access 
to tha detectors for possible dark currant compensation. Also, tha update 
spaed could increase, sinca there would ba no sensitivity vs. intagration time 


tradeoff. 
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Inlerfaci 







The board area requirement for this design is predicted to be 7 square 


inches with a power requirement of 2.5 watts. 



4.0 MULTIPLEXING 


There ere meny possible topologies for multiplexing these sensors onto one 
interface. The basic configurations are pictured in Figure 4-1. 

4.1 Optical System 

4.1.1 Loss Values for the Various Optical Components 

Optical losses encountered in the use of some optical components are 
listed below. 


Component 


Loss 


Linear, rotary digital position 11 dB 

sensor 


50:50 Coupler 
WDM 

Analog Sensor 


4 dB each pass. 
4 dB 


Moving mirror type 11 dB 

Moving fiber type 5 dB 

(2-fiber design) 

NOTE: Moving fiber type analog sensors and transmissive (2 fiber) 
linear and rotary transducers do not require a 50:50 coupler. 


4.1.2 Loss Budgets for the Topologies Pictured in Figure 4-1 

For each of the figures, a specific set of fiber sixes was chosen and the 
loss budget calculated for each of 3 applications - position sensors, rotary 
speed sensors, and analog sensors (pressure or temperature) . These figures are 
to be used with spectral power densities corresponding to light source strength 
and receiver sensitivity, as no filter factors are included to account for 
channel spectral width. 
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FIGURE 4-1 (Cart.) 

Schematic Diagram of System Composed of Several Sens 
Sharing a Common inte rfac e 






4. 1.2.1 Transmissive (2 Fiber) Systems 




Figure 4-l(a) Multiplexing: multifibers onto 1 CCD 

no effect on receiver sensitivity 


Loss Budget 



Digital Position 

Rotarv Sneed 

Analog 

1 sensor 

11 dB 

4 dB 

5 dB 

TOTAL 

11 dB 

4 dB 

S dB 

dynamic range* 

0 

0 

0 


NOTE: Any fiber diameter may be used in a system of this simplicity, as 

loss is small and no couplers are present. 

* Dynamic range is the maximum signal from the brightest sensor minus the 
maximum signal from the dimmest. 


Figure 4-l(b) 

An array of couplers is used to split light from a single LED or bank of 
LEDs into N sensors, each of which uses its own return fiber. 


LOSS BUDGET 

Digital Position Rotary Speed 


Power Split 
(rough) 

1 sensor 

TOTAL 

Dynamic Range 


-101og(l/N)+2dB 
11 d£ 

13-101og(l/N) 

0 dB 


~101og(l/N)+2dB 
4 dB 

6-101og(l/N) 

0 dB 


Analog 

-101og(l/N)+2dB 
5 dB 

7-101og(l/N) 

0 dB 


NOTES: As asymmetric couplers are not required in this topology, no fiber 

diameter restriction exists other than those which may be dictated by 
lower launch considerations. As a tapered bus can be used, equal 
power can be delivered to each sensor. 


Tlgure 4-1 (c) 


N sensors, each with its own LED, coupled onto e single return fiber. 



LOSS BUDGET 



Dieital Position 

Kotarv Soeed 

Analoe 

1 sensor 

11 dB 

4 dB 

5 dB 

Asysmetric 

(coupler tap-on 

3 dB 

3 dB 

3 dB 

Loss due to use 
•of 200 micron fiber 
with CCD array 

6 dB 

6 dB 

6 dB 

TOTAL 

(closest modm) 

20 dB 

13 dB 

14 dB 

Dynamic range 

(N-l) (0.35 dB)* 

(N-l) (0.35 dB) 

(N-l) (0.35 dB) 

^Asymmetric coupler transit loss. 



Vieure 4-1 (d) 




N sensors sharing a coamon LED and 

return fiber. 



LOSS BUDGET 



Dieital Position 

Rotary Soeed 

Analoe 

Dower split 

-101og( l/N)+2dB 

-101og(l/N)+2dB 

-101og(l/N)+2 dB 

• 

s 

s 

*1 

11 dB 

4 dB 

5 dB 

Asymmetric coupler 
& tap-on) 

3 dB 

3 dB 

3 dB 

Loss due to use of 
200 micron fiber 
with CCD 

6 dB 

6 dB 

6 dB 

TOTAL 

22-101og(l/N) 

15-101og(l/N) 

16-101og(l/N) 

Dynamic range 

(N-l) (0.35 dB) 

(N-l) (0.35 dB) 

(N-l) (0.35 dB) 
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Figure 4- 1(e) 

N tensors, etch with its own LED end return fiber. 

LOSS BUDGET 



Digital Position 

Rotary Speed 

Analog 

2X 50:50 coupler 

8 dB 

8 dB 

8 dB 

1 sensor 

11 dfi 

4 dB 

8 dB 

TOTAL 

19 dB 

12 dB 

19 dB 

Dynamic range 

0 dB 

0 dB 

0 dB 

Figure 4-l(f) 




N sensors, sha 

^ing a common LED but each with its own 

return fiber. 


LOSS 

BUDGET 



Digital Position 

Rotary Speed 

Analog 

Power split 

-101og(l/N)+2dB 

-101og(l/N+2dB 

-101og(l/N)+2dB 

2X 50:50 coupler 

8 dB 

8 dfi 

8 dB 

1 sensor 

11 dB 

4 dB 

11 dB 

TOTAL 

21-101og (1/N) 

14-101og (1/N) 

21-101og(l/N) 

Dynamic range 

0 dB 

0 dB 

0 dB 



Flfue 4-l(g) 


N sensors, each with its own LED, but sharing a common return fiber. 



LOSS BUDGET 



Digital Position 

J 

Rotary Sneed 

Analog 

2X 50:50 coupler 

8 dB 

8 dB 

8 dB 

1 sensor 

11 dB 

4 dB 

11 dB 

Asymmetric tap-on 

3 dB 

3 dB 

3 dB 

Loss due to 200 
micron with CCD 

6 dB 

6 dB 

6 dB 

TOTAL 

28 dB 

21 dB 

28 dB 

Dynastic range 

(N-lXO.35 dB) 

(N-l)(0.35 dB) 

(N-1X0.35 dB) 

Figure 4-l(h) 




N sensors sharing a common LED and return fiber. 



LOSS 

BUDGET 



Digital Position 

Rotary Sneed 

Analog 

Power split 

-101og(l/N)+2dB 

-101og(l/N)+2 

-101og(l/N)+2dB 

2X 50:50 coupler 

8 dB 

8 dB 

8 dB 

1 sensor 

11 dB 

4 dB 

11 dB 

Asymmetric tap-on 

3 dB 

3 dB 

3 dB 

Loss due to use 
of 200 micron 
fiber with CCD 

6 dB 

6 dB 

6 dB 

TOTAL 

30-101og(l/N) 

23-101og(l-N) 

30-101og(l/N) 

Dynamic range 

(N-1X0.35 dB) 

(N-1M0.35 dB) 

(N-1X0.35 dB) 




4.1.3 Sample Calculations Involving Digital Coda Plate Sjp' 


Single fiber linear, rotary sensors 

Topology: Pigure 4-l(e) 


2 X 50:50 coupler 

8 

dB 

1 sensor 

11 

dB 


19 dB 


100 micron 

50 micron 

Min. launch density 
(Texas Optoelectronics 
T0X 0001) 

0.78 uW/nm 

.125 uV/nm 

Min. peak density into 
interface 

10 nW/nm 

1.6 nW/nm 

Sensitivity of 
interface (integration 
time ■ 5 ms) 

187 pW/nm 

94 pW/nm 

Margin (dB) 

13 

12 


Transmissive code plates (2 fiber systems) give 8 dB better performance 
(see Figure 4-l(a)). 

According to the above, ten 100 micron core encoders can be powered by one 
light source (see Figure 4-1 (f)). These calculations need to be verified by 
direct testing. Such tests are planned for the near future. 

If one were to use two fiber (transmissive) digital encoders, the 
reduction of the loss by 8 dB would increase the devices 's multiplexibility . 

In the topology pictured in Figure 4-l(b), 15, 100 micron or -50 micron core 
encoders can be powered with a single light source. Figures 4-l(c), (d), (g), 
end (h) show multiple encoders multiplexed onto a single return fiber. It was 
stated in Section 3.1.1 that the required spectral width for a 6 bit digital 
encoder is 155 nm for 100 micron core devices and 80 nm for 50 micron core. 
This prohibits the multiplexing of more than one of the former or two of the 


latter onto one return fiber. However, in order to have sufficient power 
margin in this configuration, the update time must be increased. 


4.1.4 Sample Calculations Involving Analog System 
Topology: figure 4-l(e) 

2 X 50:50 coupler 8 d£ 

1 sensor 11 dB 

19 dB 


lOOjicron 50 micron 

min. launch density 0.78 uW/nm 0.125 

min. peak density into 
interface (excluding 
additional system loss, 

such as from multiplexing) 9.8 nW 1.5 nW 

sensitivity of interface 187 pW/nm 94 pW/nm 

margin 17 dB 12 dB 


Current Litton asymmetric couplers have the following characteristics: 
50 micron fiber to 200 micron fiber loss 3 dB 
transit loss (including splice) 0.35 dB 

200 micron fiber to 50 micron fiber loss 


16 dB 


Moving fiber type: Figure 4-l(a) 


1 sensor 

5 dB 

total 5 dB 



100 micron 

50 micron 

Launch density 

.78 uW/nm 

:i25 uW/ni 

Min. peak density into 
interface (excluding 
additional system loss, 
such as from multiplexing) 

250 nW/nm 

40 nW/nm 

Sensitivity of interface 

187 pW/nm 

04 pW/nm 

Margin (dB) 

31 

26 


Analog sensors of the type described above use 30 nm (100 micron core 
devices) and 15 urn (50 micron) each. This permits multiplexing 7 of the former 
end 15 of the latter onto one return fiber (Figures 4-1 (c), (d), (g), and (h)). 

4.1.5 Rotary Speed (see Figure 2-5) 

The rotary speed sensor stay have an insertion loss as low as 2-3 dfi. 
However, multiplexing a number of these onto one return fiber requires a 
wavelength bandpass filter, which increases the insertion loss by another 2-3 
dB. If the bandpass filter were approx. 10 nm wide, approx. 20 of these can be 
siultiplexed onto one return fiber. 

4.1.6 Multiplexing Onto One Return Fiber 

When one increases the sise of the return fiber in e system using this CO) 
detection device, a price is paid in sensitivity of the interface. Because a 
ltl imaging condition is required to match the numerical aperture of the fiber 
with a lens system, and because the CO) pixels are smaller than the chromatic 
stripe width, an Increase from 50 to 200 microns causes a decrease in 




sensitivity of 6 dB, as wsll as a dacraasa in rasolving ability, nacaasitating 
an incraasa in spactral width raquirad for aach sansor to 60 nm for analog 
sansors and "270 nm for digital 6 bit davicas, and "400 nm for tha rotary 
position ancodar, givan tha prasant optical systam. An optical systam using 
200 micron fibar but giving rasolution similar to that obtainabla with tha 
prasant dasign using SO micron fibar is possibla, but would taka up 16 timas as 
much board araa. 

NOTE: CCD davicas with largar pixsl slsas should rssult in a graatar usable 

signal, as switching noise, a large part of tha noise level in tha 
device, does not incraasa with pixel sisa. In this case, an incraasa 
in fibar diameter should have an affect on tha sensitivity of tha 
device which is only related to tha dark currant of tha pixels, which 
is generally lass significant than switching noise. Tha only affect 
should bo a dacraasa in rasolving ability. 

On tha other hand, using 50:50 or other couplers to combine returning 
signals onto one smaller fibar is painful as wall. Four dB loss par coupler is 
to be axpactad in this schema. If more than two sensors are multiplexed in 
this way, it makes more sense to taka one's lumps with tha largar fibar in an 
asymmetric coupler-based data bus format. 

4.2 Interface Circuits for Multiplexing Sansors 

Thera are a variety of ways to electrically interface to multiplexed optic 
sansors. Several configurations are outlined in tha following sections. 
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4.2.1 Multiple Sensor Digital Interfaces Using CCD Arrays 

The circuitry for a multiple sensor digital interface using CCD array 
technology is similar to that of the single sensor version shown in figure 3*4 
with a few exceptions. 

Since there would be up to 15 pixels per fiber and many fibers in the 
system, a large number of reference voltages are required. The controller 
would be more complex because it would require additional circuitry for 
generating reference voltages. 

The communications between the controller and CPU interface have to be 
bi-directional in this configuration. This is necessary so that the CPU can 
request which sensor it would like to look at. The controller would make sure 
that the information from the desired sensor would shift into the register. 

Upon conversion, the controller would tell the CPU interface that data is 
ready. 

The CCD array could be an area or linear array. If an area array were 
used, one dimension could divide the channels while the other dimension could 
divide the light spectrum within each channel as shown in figure 3*2. If the 
same integration time was used as that used in a single sensor interface, the 
readout time on each pixel of the CCD array would decrease because of the 
increased number of pixels. This requires faster circuitry at the output of 
the CCD array. A linear array could also multiplex the channels If it had 
elongated pixels that formed a one -dimensional array with the same area as an 
area array. In this case, there would have to be a separate LSD bank for each 
sensor and the controller would have to switch on one bank at a time so that 
only one sensor would use the CCD array at any given time. As previously 
discussed, the number of LED's in a bank could range from one to several, 
depending on the power budget . The circuit board area requiresmnt for a linear 
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CCD approach would dapaad on tha nuabar of nultiplexed sensors. This is 
ba causa tha LED bank count squals tha sansor count. For aach additional 
sansor, add approximately 1.5 squara inchas for LED bank spaca. Tha currant 
conauaption is astiaatad as 7 watts sinca only ono LED bank is on at a tins. 

If a two-dimensional CCD array wars us ad, tha astiaatad circuit araa is 15 
squara Inchas. Tha power raquiraaant would ba slightly aora than tha slngla 
sansor version, probably 7 watts total. 

4.2.2 Multiple Sansor Analog Interfaces Using CCD Arrays 

Tha circuitry required for aultipla analog sensors is siailar to that 
required for single sensors as shown in Figure 3-7. Linear or araa arrays 
could ba used as described in tha previous section. Tha CPU interface would 
coanunicate to tha controller to let it know which analog data to pass through 
tha sample and hold and A/D circuits. This configuration assumes that tha FROM 
lookup table would ba the same for all tha sensors, hence, all tha sensors 
would ba tha sane type. Power conauaption and sisa would ba tha saaa as that 
for a single sansor interface. Tha only exception would ba that if a linear 
CCD array with elongated pixels ware used, 1.5 squara inchas would ba required 
for aach LED bank, necessary for operation for aach additional sansor. 

4.2.3 Multiple Sansor Interfaces Using Discrete Detectors 
Multiple sansor interfaces using discrete detectors would only be 

practical for analog schaatts. Digital schema require separate receiver 
circuitry for each bit in each sensor. This would neks the size prohibitively 

large. 

As stated previously, tha analog scham requires only two detectors per 
sensor. Tha nultiple sansor interface architecture is shown in Figure 4-2. It 
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would require a two chaimal analog aultiplaxar wharaby tha controllar 
dataraines which datactor pair outputs will ba connactad to tha analog 
procasaor. 

Tha board apaca raquirad for this intarfaca would dapand on tha nuabar of 
■ultiplaxad channala. Tor a four sansor systaa, tha astiaatad board araa is 16 
squara inchaa with a powar raquiraaant of 4 watts. 


S.O UTRC Questions 


1 . Types of sensors : Which of the sensors listed in Table 1 can be 

accommodated in the design? Which cannot? What optical sensing mechanism 
is employed for each quantity? 

Refer to Section 2.0. 

I 

2. Signal compensation or calibration : Is the sensing nechaniam digital or 

analog? If analog, then what compensation or referencing method is 
employed? 

Refer to Section 2.0. 

3. Number of channels ; How many sensors can share a single optical source or 
receiver? 

Refer to Section 4.0. (All sections) 

4. Number of distinct sources : How many optical sources, light emitting 

diodes or laser diodes, are required to service all of the sensors shown' 
in Table 1? 

See Section 4.0 Digital encoders 2/LED, Analog sensors 10/LED 

- All position sensors @ 1 LED/1 sensor 20 LED's 

- Assume 1 LED/10 analog sensors + 2 rotary speed sensors 2 T-FTi's 
(pressure, temperature) 

22 LED's 

5. Number of detectors : How many optical detectors are required to service 

all of the sensors shown In Table 1? 

See Sections 3.1.1, 4.2 

- 1 CCD/20 position encoders 1 

(20 fibers x encoders/ fiber) 

- 1 CCD/ 100 analog sensors 1 

(20 fibers x 5 sensor/fiber) 

2 

6. Number of fibers : How many parallel optical fibers are required to 

service all of the sensors shown in Table 1? 

See Section 4 

2/position encoders .3/analog sensor 

x 20 x 14 


+ 4.2 


5T 


40 


* 45 


7. I/O p Incount t How smny optical connector contacts ara required to connect 
the FADEC to the optic sensors? 

See Section 6 

8. Optical power nernln : What is the optical power level of each source in 

the design? What Is the receiver noise level? What are the sensor and 
link losses: 

See Section 4.0. 

9. Sitnal processing tine : How auch tine is required for the electronic 

interface to co mp ute the sensor value? What is the bandwidth of the 
analog portion of the receiver? 

See Sections 3.1.2 I 3.1.3 

10. Complexity : How many circuit elenents (transistors* amplifiers, logic 

elements) are in the electronic interface? 

See Sections 3.1.2 k 3.1.3 

11. Electrical power consumption : How many watts of electrical power are 

required for the interface circuitry? 

See Sections 3.1.2 k 3.1.3 

12. I/O circuit area s Estimate the circuit board area required for the 
electro-optic interface. Specify where electro-optic hybrids or custom 
nonolithic integrated circuits could be used to minimise the sise of the 
interface. 

See Sections 3.1.2 k 3.1.3 

13. Weight : Estimate the weight of the electro-optic interface and the fiber 

optic cable in the system. 

Cable: 10g/ meter Interface: 50 g mot ««*>•» baa 

14. Reliability : Estimate the mean time to failure of the electro-optic 

interface based am the number of electronic circuit elements and electro- 
optic components. 

See Sections 3.1.2 k 3.1.3 

Redundancy : How would redundancy be implemented for the sensor network? 

Combining 2-3 IB*s via a coupler to obtain a single source bonk would 
give a certain redundancy for some of the sensors (rotary speed, analog 
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16. Maintainability ; When the system fails, how are faults isolated? What 
components would be repaired or replaced? 

TBD 

17. Availability or d evelopment schedule : Are all of the components in the 

system available tod?y in flight quality? What components are lacking? 
What new dvelopments are needed for this design? 

Information pertaining to the development status of each co m pon e n t appears 
in various Motions of thi s tiport. 
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Table 1. FADBC Sensor Sot 
vltb uniform tonporoturo specification* 


Ptoaber of 

Smnsore Measurement 


4 

X 

4 

% 

3 
X 
X 

X 

4 
X 
X 


Linear 

Linear 

Linear 

Linear 

Linear 

Linear 

notary 


position 

position 

position 

position 

position 

position 

position 


Cas teaperature 
Gas teaperature 
Fuel teaperature 
Turbine blade 
teaperature 


X Light off detector 


3 Fuel flov 

3 Fuel flov 


X Gas pressure 

X Gas pressure 

X Gas pressure 

X Hydraulic pressure 
X Fuel pressure 

X Hotary speed 

X Rotary speed 

X Vibration 


Fluid level 


Update 

Tine 

5 ns 

10 as 
5 ns 
10 as 
5 ns 
10 ns 
10 as 


Accuracy 

♦/- 0.36 ca 
4/- 0.26 ca 
4/- 0.19 ca 
4/- 0.09 ca 
4 /- 0.03 ca 
4/- 0.05 ca 
4 /- 0.2 deg 


Range 

0 to 36 ca 
0 to 26 ca 
0 to It ca 
0 to 9 ca 
0 to 5 ca 
0 to 5 ca 
0 to 130 deg 


Ambient 


-54 to 
-54 to 
-54 to 
-54 to 
-54 to 
-54 to 
-54 to 


200 C 
200 C 
200 C 
200 C 
200 C 
200 C 
200 C 


M M 
MMM 

ooo 

see 

4/- 2 C 
4/-11 C 
4/- 3 C 

-54 to 260 C 
0 to 1500 C 
-54 to 180 C 

20 as 

4/-10 C 

500 to 1500 C - 

20 as 

4/-5X < 290 na 

(optical wavelength) 

10 as. 4/-100 kg/hr 1 200 to 6000 kg/hr, 
40 as.4/-100kg/hr l 5000 to 16000 kg/hr, 

(1 inch diameter) 

10 as 
120 as 
10 as 
40 as 

120 as 

4/-4.0 kPa 
4 /— 1.0 kPa 
4/-40 kPa 
4/-40 kPa 
4/-40 kPa 

7 to 830 kPa 
7 to 280 kPa 
35 to 5000 kPa 
500 to 8000 kPa 
0 to 690 kPa 

10 as 
10 as 

4 /- 7 rpa 
4 /- 7 rpa 

650 to 16000 rpa 
1600 to 19000 rpa 

120 as 

4/- 2.5g 

0 to 50 f 
(10 Is to 1 kBs) 

120 as 

4/-2X 

0 to 15 ca 


0 to 350 


C 

c 


-54. to 350 C 
-54 to 350 C 


-54 to 350 C 
-54 to 200 C 
-54 to 350 C 
-54 to 200 C 
-54 to 200 C 


-54 to 350 C 


-54 to 200 C 
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1.0 Introduction 



This report deals with possible avenues to pursue in' inproving the state of 
the art of WDM sensor technology as it applies to aircraft. The basic 
techniques of WDM based sensors have been detailed in another report. 

2.0 Overall System Considerations 

In WDM based sensors a critical relationship exists between source launch 
power spectral density, system loss, sensor performance, demux dispersion and 
receiver sensitivity. Improvement in any of these components not only enhances 
overall system performance, but can also relieve requirements on other 
components . 

Improvements are possible in each of the system elements. It is not dear 
in advance, however, how much improvement can be realised in any individual 
system component. Therefore, in each of the following sections, elements will 
be considered independently from one another. 

3.0 System Configuration - Single Fiber versus Dual Fiber 

Most of the sensors currently under consideration may be configured either 
as transmissive or reflective devices. System diagrams corresponding to these 
sensor types are compared in Figure A-3.1. ’ 

Systems involving reflective (single fiber) sensors have couplers in them 
which are not present in those involving transmissive sensors. This causes 
about 8 dB of additional system loss which may be eliminated by the use of a two 
fiber transmissive system. 



Backref lection can also be s problem in reflective systems. Bidirectional 
connections (those appearing in the single fiber portion of the link) can be a 
sovran of back reflections which decrease the optical signal-to-noise ratio in 

lEransmlssive systems, on the other hand, may have up to twice as much fiber 
as eqpflvalent reflective systems, and twice as many connectors. In addition, 
thm tsransmissive sensors themselves are generally optically somewhat more 
complex, requiring more optical elements. However, transmissive systems 
eUafstate the coupler and the sensitivity to connector back reflections 1 

Further trade studies for specific applications should be performed to 
datmnaine where single or dual fiber configurations are most appropriate. 


4.9 Bilight Source 

Since WDM based sensor devices operate over a large spectral band, light 
sauras having a large spectral width and high output power are required to 
pxovfAe adequate optical power in each channel over the spectral range of the 
In addition to being broad, the light source spectrum must be 
tbly smooth, having only gradual changes in spectral density over the 
0 P* r—tin £ range. This provides for a more relaxed dynamic range requirement at 
liver. Lasers and SLEDs are devices with FUHM's of lass than twenty 
ters, and are therefore probably not suitable for these applications. 

Fwo emitter types have sufficiently large spectral widths: LEDs and light 

bolhn. LEDs with fVHM's of up to 50 rm are available. Light bulbs have FWHM's 
in excess of 1000 no, but suffer in other areas, notably the low spectral power 
dsmsiCy which can be coupled into a fiber and low reliability. 
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LEDs have far better reliability (approximately throe orders of magnitude 
better), and can launch spectral power densities one to 'two orders of magnitude 
greater than those possible with light bulbs. Although greater LED spectral 
widths are needed, LEDs are the best existing broadband light source available 
for this application. 

Texas Optoelectronics T0X0001 LEDs launch 125 tiYJ Into 100 urn core fiber and 
20 uW into 50 urn fiber at 100 mA. This is a relatively low launch power, but is 
compensated for by these LED's large (40 nm) FWHM. This gives a minimum launch 
spectral power density of about 1.5 uW/nm into 100 urn fiber and 0.4 uW/nm into 
50 micron fiber, if the spectrum is used inside the 40 nm window. 

Research into the possibilities of creating broadband LED devices Is 
currently being carried out. The use of dopants to create a multiplicity of 
adjacent bandgaps is being considered. This technique may result in some 
decrease in output power, but should also result in a significant increases in 
spectral width. 

5.0 Sensor 

In a spectrally dispersive optical system, such as the one used in Litton 
sensors, the diffracted light fonts a band in which a given photon's position 
within the band is determined by its wavelength. Since this relation is linear, 
the term "linear dispersion" has cosm to mean the constant given by dX / dx, X 
being wavelength, x distance. 

Figure A-5. la shows a transverse section through three code tracks, two of 
which are in the "on" state while one is in the "off" state. The height of the 
graph indicates the ratio of reflected power to power incident on the code 
plate. Note that the code tracks are one core diameter wide. 





Figure A-5.1b shows ths smoothing offset of the nonsero fiber sise on the 
spectral content of the output light. 

Figure A-5.1c shows the output of the optical systea (that incident on the 
CCD array). Notice that the illuminated width has increased from one core 
disaster (width of code track) to three core disasters. In order to avoid 
crosstalk (in this approximation), the detector sise must be smaller than the 
length of the dark area shown in Figure A-5.1c (here 1/2 core diameter). 

The current perforaance limitations of the optical assembly revolve around 
the spectral width requirements of the sensor. Currently, a 6 bit, 50 Bicron 
systea requires a significant power density over a 110 nm range, when LED 
spectral shift over temperature is considered. Increasing the number of bits to 
12 causes this value to change to 165 nm. Some possible remedies for this 
problem are considered below. 

Some decrease in spectral range requirements might be realised by partial 
temperature control of the LED junction. An investigation into the trade-offs 
between minimising temperature control circuitry and minimising thermal spectral 
shift is indicated. 

At present, the optical assembly which forms the basis for the rotary and 
linear position sensors (digital code plate devices), the analog sensors, and 
the demultiplexer is built around a 5 am GRIN lens. The focal length of this 
lens is a constant, invariable parameter which, when coupled with the system 
fiber diameter and the grating pitch, determines the spectral width required of 
the light source systea. 

The fact that this required source spectral width is for the digital 
position sensors wider than that which can currently be provided by a single LED 
has caused Litton to go through elaborate gyrations involving couplers and 
multiple LEDs. Each additional LED has the effect of decreasing the resultant 


output spectral power density, because an increase in the number of legs on a 

r 

given coupler increases the loss of that coupler. The tradeoff is shown in 
Figure A-5.2. 

If one were to decrease the spectral width of each bit to the extent that 
one LED would have enough spectral width for the whole sensor, a 4 d£ increase 
in source power density would be realized. This increase should offset the 
decrease in power used per bit which is due to the decreased spectral bit width. 

One can also reduce the spectral width required by decreasing the grating 
pitch. Currently, a practical minimum of 1/1800 mm exists, as more closely 
spaced grooves generally are sore difficult to configure with the correct blaze 
angle, resulting in decreased grating efficiency. However, with holographic and 
electron beam techniques combined with ion milling, it is possible that high- 
efficiency gratings with much finer rulings may be obtained in the future. 

Another alternative is to decrease the fiber diameter. Although this 
results in the freedom to use tracks which are narrower and closer together, 
requiring a smaller spectral width, there are disadvantages as well. Less 
launch power can be coupled into smaller diameter fibers. Connector losses also 
tend to increase. And finally, the use of nonstandard fiber may make the system 
more difficult to repair, should the need arise. 

The third option is changing the effective focal length of the focusing 
element. There are many possible dispersive optical system designs which could 
accosiplish this, enabling a single LED to be used as a light source for a 
digital position sensor using any fiber diameter, even allowing for wavelength 
shift of 30 nm or so. 



A method of increasing the maximum operating tenperature of the optical 
systen to 200°C is currently being tested. If the Jacket assembly problems (see 
Sectimtn 7.0) can be overcame, the entire optical system will be capable of 200°C 
operation. 

Another possible improvement of the system is related, to the code plate 
itself . Gold has a reflectivity about 1 dB better' than aluminum in the 850 ran 
reglem, so code plate systems having gold code tracks would increase in on-off 
ratia -by that amount. 

The reflectivity of the non-reflective areas of the code plate is currently 
bmtmemn one and two percent. A decrease of this value by 3 dB or so can be 
achieved by the use of state-of-the-art multilayer dielectric coatings, again 
reselling in increased on-off ratio. 

6.1 Be taction 

Presently, there are two schemes for detecting the light returning from the 
sensemr: discrete photodiodes in concert with a fiber optic wavelength division 

d e muTlt ip lexer , and a CCD array onto which is projected the returning spectrum, 
which: has been dispersed by a diffraction grating. 

As light propagates through the optical system, its spectral power density 
(son Section 4.0) is decreased, according to the insertion loss of each device 
tbcangh which it passes. This quantity, which may be conveniently measured in 
P**/ma» aay be multiplied by the spectral width of each channel to give the total 
optical power per channel. In systems using fiber optic demultiplexers, this 
quame&ty of power strikes the corresponding photodiode and is converted into 
electrical energy. 
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In systems using CCD arrays and optical projection, however, only port of 

* 

the light contained in each channel is actually utilised by the system. Since 
each pixel intercepts a fraction of the light (the pixels being, in general, 
somewhat smaller than a fiber diameter), the quantity of light striking each one 
is a function of the spectral power density and the pixel sice. 

CCD devices are convenient for use in demultiplexer/detector systems 
because they are available in linear arrays with spacing roughly compatible with 
the output of the demultiplexer optical system. However, they have not been 
optimised to this application, and improvements to these devices are indicated. 

The experiments performed to date have involved CCD arrays in which pixel 
widths (dimension perpendicular to array) have either been very large (3.2 mm 
for one device) or very small (13 um for another device). In the case where the 
pixel dimensions are large, unused pixel area contributes to the dark current, 
compromising the high temperature performance. When the pixel widths are small, 
the decrease in signal level causes high temperature amplifier drift to become a 
more significant factor. A CCD array with optimum pixel sise' (about one core 
diameter) would therefore improve the performance of the device. 

One type of device has been tested at elevated temperature with promising 
results. A curve of dark current vs temperature was obtained, and indicates 
that if the integration time is decreased to 5 ms or so, the device has about a 
one volt operating range at 115°C, and with a small further decrease, 125°C 
operation can be expected. 

The amplifiers on the chip, however, have proven somewhat less capable of 
dealing with higher temperatures. Several devices failed during high 
temperature testing. It is believed that these amplifiers are at fault. 

CCD arrays which perform over the target temperature range are possible to 
develop, but the commercial CCD industry is reluctant to undertake the effort. 



A PIN array intagratad with individual preamplifiers is also possible. 

This davica would hava tha advantage of being readable in parallel, rather than 
serially, as in the CO). 

Figure A-6. 1 shows two possible types of integrated PIN circuitry. 

Parallel access to the PIN's is possible by using separate amplifier circuits 
for each channel. Alternatively, a single stain amplifier nay be used in 
conjunction with electronic sniltiplexing to get a serial output. 

If higher sensitivity is required, the use of APD's should be considered. 

7.0 Optical Interconnect 

The optical interconnect is costposed of the fibers. Jacket assemblies and 
connectors used to connect the light source, sensor, and demultiplexing/decoding 
circuitry. 

Asymnetric (non-reciprocal) couplers for use in fiber optic data buses have 
been extensively developed at Litton, and no najor advances in coupler 
technology likely to inprove the sensor interconnect performance are foreseen. 

Connectors for use in single fiber interconnects, however, may be another 
story. Problems involving the use of currently available connectors with 
reflective sensors fall into two categories: lack of intermating repeatability 

and high backref lection. 

The cores of multimode optical fibers, although much larger than those of 
singlemode fibers, are still quite small. A single speck of dust or other 
offensive material can cause attenuations of several dB. This effect introduces 
a practical repeatability problem even with keyed connectors such as PC or ST 
connectors. In addition, the use of these connectors results in a large 
fraction (approx. 10X) of the light incident on a connector-to-connector Joint 
being reflected back through the fiber. 
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This backreflection problem can be dealt with by index matching or physical 
contact. By index matching is meant the introduction of a liquid or gel 
material between the fiber faces so that no backreflection can occur. 
Disadvantages of this are the possibility of migration of the material resulting 
in a loss of index matching and an increase in backreflection , and contamination 
of the material. 

Physical contact means that the flat surfaces of the fiber ends are brought 
into contact so that there is no intervening gap. The light propagates through 
essentially as if there were only one unbroken fiber. A disadvantage of this 
approach is the likelihood of destruction of the fiber faces if they chatter 
against each other in a high vibration environment. 

A possible method of overcoming these difficulties involves the use of 
keyed, off-center lensed connectors as shown in Figure A-7.1. This kind of 
connector should keep backref lections down to anre than 25 dB below the signal 
incident on a connector -to -connector joint. In addition, the optical loss of 
the joint will be much less sensitive to particulate contamination, thereby 
improving repeatability. 

The technology required to develop this connector exists, and an effort in 
this direction would improve the case for single fiber interconnects 
considerably. 

Obtaining cable assemblies capable of functioning with minimum loss over 
wide temperature ranges has proven to be a nontrivial exercise. Although jacket 
materials which do not degrade at temperatures from -55°C to 125°C are 
available, two distinct problems have presented themselves . 

The first is irreversible shrinkage when subjected to temperatures above 
about 70°C. This is due to the speed of extrusion of the cable. Although the 
manufacturer of the high temperature Jacketing has expressed reluctance to 


chang* the extrusion process, perhaps they could be induced to do so, given the 
proper incentive. 

A second, more intractable problem is a result of the high coefficient of 
thermal expansion characteristic of the materials involved. Since the fiber 
itself has an extremely low expansion coefficient, it is difficult to match this 
with currently available jacket materials. As the temperature rises, then, the 
fiber is placed under tension, and as the temperature decreases, it is 
compressed. These effects lead to microbending of the fiber leading to 
increased loss. One possible solution to this problem, the use of service loops 
in splice housings and couplers, has been ruled out because of sise constraints. 

An alternative jacket concept using composite rods as strength members is 
currently under investigation. It seams promising, and may well eliminate both 
of the thermal problems discussed above. 

A development effort in this area is necessary for any rugged fiber 
optic system to be used in an environment subject to large temperature swings. 
The effort must be carried out by fiber jacket manufacturers, who are capable of 
extruding jacket materials onto optical fiber. 


8.0 Summary 

Efforts to develop better temperature performance in fiber jacket 
assemblies ( necessary ,.f or any fiber optic .sensor type), detector circuitry 
capable of handling vide temperature ranges and having high reliability, and 
broad spectrum LEDs are currently underway. These efforts, in addition to work 
on alternative optical assemblies for the sensors themselves, will enable WDM to 
mature as an aircraft control system technology. 
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b) Transmissive Sensor System 


FIGURE A-3.1 Reflective versus Transmissive Sensor Systems 

Unidirectional connectors are those through which light of 
Interest flows In only one direction. Bidirectional connectors 
have Important light flowing In both directions, and are 
therefore susceptible to backref lection problems.* 




Rttfltctlvlty 


Relative 

Power 



Power Density 



Two LED System Power Denslty 



FIGURE A-5.2 Increasing the number of LED’s from one to two results In 

approximately 4 dB decrease In system loss, the toss Involved 
in using a coupler to combine the LED's outputs onto one fiber. 
Increasing the number of LED's to three results In an additional 
2 dB decrease In output density. 




(b) Serial Output 


FIGURE A— 6.1 Schemes for Accessing a PIN array. 

if ^ output .™y be obtained by means 
of a multiplexer between amplifier stages. 
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FIGURE A-7.1 Off-Center Lensed Connector Concept 

In this approach, the light reflected from the lens 
surfaces is focused to a spot some distance away 
from the fiber. The two lens faces are antireflection 
coated to maximize transmission. 
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